INTRINSIC AND EXTRINSIC REGULATION OF PINEAL MELATONIN RHYTHMS by Li, Ye
University of Kentucky 
UKnowledge 
Theses and Dissertations--Biology Biology 
2016 
INTRINSIC AND EXTRINSIC REGULATION OF PINEAL MELATONIN 
RHYTHMS 
Ye Li 
University of Kentucky, ylin@uky.edu 
Digital Object Identifier: http://dx.doi.org/10.13023/ETD.2016.108 
Right click to open a feedback form in a new tab to let us know how this document benefits you. 
Recommended Citation 
Li, Ye, "INTRINSIC AND EXTRINSIC REGULATION OF PINEAL MELATONIN RHYTHMS" (2016). Theses and 
Dissertations--Biology. 34. 
https://uknowledge.uky.edu/biology_etds/34 
This Doctoral Dissertation is brought to you for free and open access by the Biology at UKnowledge. It has been 
accepted for inclusion in Theses and Dissertations--Biology by an authorized administrator of UKnowledge. For more 
information, please contact UKnowledge@lsv.uky.edu. 
STUDENT AGREEMENT: 
I represent that my thesis or dissertation and abstract are my original work. Proper attribution 
has been given to all outside sources. I understand that I am solely responsible for obtaining 
any needed copyright permissions. I have obtained needed written permission statement(s) 
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing 
electronic distribution (if such use is not permitted by the fair use doctrine) which will be 
submitted to UKnowledge as Additional File. 
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and 
royalty-free license to archive and make accessible my work in whole or in part in all forms of 
media, now or hereafter known. I agree that the document mentioned above may be made 
available immediately for worldwide access unless an embargo applies. 
I retain all other ownership rights to the copyright of my work. I also retain the right to use in 
future works (such as articles or books) all or part of my work. I understand that I am free to 
register the copyright to my work. 
REVIEW, APPROVAL AND ACCEPTANCE 
The document mentioned above has been reviewed and accepted by the student’s advisor, on 
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of 
the program; we verify that this is the final, approved version of the student’s thesis including all 
changes required by the advisory committee. The undersigned agree to abide by the statements 
above. 
Ye Li, Student 
Dr. Vincent Cassone, Major Professor 
Dr. David F. Westneat, Director of Graduate Studies 
 
 
 
INTRINSIC AND EXTRINSIC REGULATION OF PINEAL MELATONIN 
RHYTHMS 
 
__________________________ 
DISSERTATION 
__________________________ 
A dissertation submitted in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy in the College of Arts and Sciences at the University of 
Kentucky 
By 
 
Ye Li 
Lexington, Kentucky 
Director: Vincent Cassone, Chair and Professor of Biology 
Lexington, Kentucky 
2016 
 
Copyright © Ye Li 2016 
 
  
 
ABSTRACT 
 
 
 
 
INTRINSIC AND EXTRINSIC REGULATION OF PINEAL MELATONIN 
RHYTHMS 
Circadian rhythm is a biological rhythm with period of about 24 hours. Circadian rhythm 
is universal in phyla from bacteria to mammals and exists in different level from gene 
expression to behavior.  Circadian system consists of three components: 1) a self-
sustained oscillator; 2) an input pathway which can alter the phase of the oscillator; and 
3) an output such as gene expression, enzyme activity, hormone production, heart rate, 
body temperature or locomotor activities. The way the oscillator regulates its outputs is 
complicated, in that on one hand usually the oscillator is not the only factor affecting the 
outputs, and on the other, the oscillator itself is incorporated in intricate pathways. 
Chicken pineal cell culture is a well-established in vitro model to study circadian rhythm. 
It contains a self-sustained oscillator which can be phase-shifted by light as input and 
rhythmically releases melatonin as an output. Here I have characterized the role of 
norepinephrine (NE), the sympathetic regulatory input of pineal gland, and the 
microenvironment of pineal cells in melatonin rhythmicity of cultured chicken pineal cells. 
Chapter 1 of this dissertation provides a review of circadian rhythm with a focus on 
melatonin regulation in pineal gland. Chapter 2 describes the methods to build up a 
fraction collector which offers high time resolution of sampling for a superfusion system. 
Chapter 3 is a technical report of a melatonin enzyme-linked immunosorbent assay 
suitable for high throughput measurement of melatonin. Chapter 4 presents data 
demonstrating that daily administration of NE recovers damped melatonin rhythm in 
constant darkness. In addition, NE does not change the expression of clock genes but 
the recovery effect of NE depends on the internal clock. Furthermore, the data indicates 
that NE administration stimulates the gene expression of phosphodiesterase 4D (PDE4D) 
and adenylate cyclase 1 (AC1) in a time order, potentially corresponding to the trough 
and peak of recovered melatonin rhythm. Chapter 5 presents data showing that the 
amplitude of melatonin rhythm in cultured pineal cells is affected by microenvironments 
of the cell culture and connexin plays a role in this effect. Finally, in Chapter 6 I discuss 
how the results of each chapter demonstrate multiple regulatory mechanism of the 
melatonin rhythm of chicken pineal cells. Furthermore, I discuss the implications of this 
work in the field of developmental biology and how the current data will shape future 
investigations. 
 My dissertation incorporates engineering, immunocytochemistry, chicken genetics, and 
biochemical analyses, and will help in better understanding the regulation mechanism of 
output in a circadian system.  
 
 
KEYWORDS: Pineal; Melatonin; ELISA; Damping; Norepinephrine; Clock genes; 
cAMP signaling pathway; Adenylate cyclase; Connexin 
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Chapter 1: Review of the Literature 
1.1 Circadian rhythm 
1.1.1 History 
Most living beings on earth use different forms of solar energy, such as light and 
products of photosynthesis, as “fuel”. As a consequence of the 24-hour light and 
temperature fluctuation from day/night alteration, organisms display about 24-hour 
rhythms at different levels from activity/behavior to RNA/protein synthesis. Some of the 
24-hour rhythms are just passive response to the environmental change, but others are 
endogenous, oscillating without any environmental input, which are defined as circadian 
rhythms (Chandrashekaran, 1998). As early as the fourth century B.C. Greek 
philosopher Androsthenes had described the sleep movement of tamarind trees. In 
1729, de Mairan, a French astronomer, found that the sleep movement of Mimosa 
pudica persisted in constant darkness, indicating the movement was endogenous. Not 
only in plants, circadian rhythm was also observed successively in primates (Simpson 
and Gaibraith 1906), rodents(Richter, 1922), insects (Seling 1929),birds (Kramer 1952), 
single-cell eukaryotes (Sweeneyand Hastings 1957), humans (Aschoff and Wever 1962) 
and bacteria (Mitsui et al. 1986). Since the middle of the 20th-century, biological rhythm 
research developed rapidly because of the fundamental works done by Jurgen Aschoff 
and Colin Pittendrigh, the founders of modern biological rhythm research (Daan & 
Gwinner, 1998; Menaker, 1996). These two pioneers set out the conceptual frame work 
for the biological rhythm study. Through their outstanding work, now we know that the 
24-hour rhythm, which is called circadian (coined in  1959  from the  Latin  circa  and 
dies by  Halberg) rhythm, is universal, existing in all eukaryotes from fungi to human and 
some prokaryotes such as cyanobacteria at all levels of organization, from behavior to 
molecular activities; the rhythm is driven by an endogenous pacemaker which are self-
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sustained and entrainable via environmental cues, persisting in constant conditions; the 
circadian system exhibits temperature compensation, which means the period of the 
circadian system is not dramatically affected by the temperature alteration (in the range 
where organisms are viable)(Pittendrigh, 1993).  In 1952, Kramer gave a lecture on sun-
compass behavior in starlings. He discovered that a bird in the wild could be entrained to 
find food by using the sun as its compass and then put the bird in a lab with an electronic 
light as the artificial sun. He found the direction the bird went to the food shifted by a 15-
degree arch every hour to the direction of the artificial sun, which indicated that the bird 
knew the angular velocity of the sun and made the compensation by its internal clock. 
One of the audience members in the lecture, Pittendrigh, was inspired by the idea of 
“clock” and finally related the endogenous clocks in garden beans (studies done by 
Burning) and fruit flies(Pittendrigh, 1993). In the 1950s, Harker’s studies on cockroaches, 
although finally turned out to be an academic fraud, first proposed that the endocrine 
system was involved in the circadian system(Chandrashekaran, 1998).  In 1968, 
Pittendrigh’s lab identified the optic lobe as the pacemaker in roaches, which was one of 
the earliest findings of pacemaker in multicellular organisms (Menaker, 1996). In 1971, 
Benzer’s student Knopaka reported the first clock gene, which he designated period 
(Konopka & Benzer, 1971). Although as early as 1932 Bunning’s experiments in hybrid 
plants had indicated the genetic basis of circadian rhythm, Konopaka’s identification of 
the period gene on X chromosome of drosophila finally led circadian rhythm research 
into a new era in which the molecular mechanism of circadian rhythm arose in all kinds 
of organisms. The mechanism is conserved through phylum. Briefly, there are a group of 
genes called clock genes, together with their protein products forming a 
transcriptional/translational feedback loop. The feedback loop consists of positive 
components and negative components. The positive components, usually transcription 
factors, promote the expression of a variety of clock-controlled genes, including 
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themselves, and negative components. The negative components, after translated, 
inhibit (or interfere with) the positive components thereby forming a 
transcriptional/translational feedback oscillator (TTO). The TTO is tuned to a 24-hour 
oscillator by other auxiliary loops. Presently, the TTO is considered as the core clock, 
which oscillates in every cell. The cells in master clocks are able to synchronize with 
each other and release signals to synchronize peripheral oscillators, while cells in 
peripheral tissue will oscillate out of phase with each other (arrhythmic as whole) without 
synchronization from master clocks. 
1.1.2 Properties of Circadian rhythm 
Circadian rhythm is described by “the oscillation language” which actually was 
introduced by the two founders of circadian research, Aschoff and Pittendrigh, 
independently (Pittendrigh, 1993). In most early circadian studies, the oscillator (the 
internal clock) was considered as a “black box” in which the internal components were 
unknown, but the whole function could be studied by administering the input and then 
evaluating the observable output (Kuhlman, Mackey, & Duffy, 2007). The “black box” 
method is still effective after the identification of clock genes, because the role of clock 
genes in circadian systems is not fully understood yet, and the organization of circadian 
system from molecular to behavior level is complex. The inputs are usually 
environmental cues which could shift the phase of the oscillator, called zeitgeber 
(German for time-giver), for example, light, temperature, or food; but also can be any 
signals, such as chemicals, sounds, or social interactions. The outputs are observable 
and measurable variables which indicate the rhythm of the oscillator, for instance, the 
spore formation of Neurospora, the eclosion rhythm of Drosophila, and the wheel 
running activity of mice. As an oscillation, circadian rhythm is characterized by period, 
phase, and amplitude. Period is the duration of time to finish one cycle, usually 
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measured from peak to peak or trough to trough. Phase is the angle difference between 
the reference oscillation at certain positions (for example, peaks) and the other 
oscillations (or waves) in the same cycle. Amplitude is the difference between peaks 
and troughs. In circadian studies, period and phase are more frequently discussed 
because period reflects the endogenous property of circadian rhythm, and phase is 
important to interpret the effect of inputs on oscillators. The period of circadian rhythm 
under constant conditions is called free-running period (denoted by τ), which is the 
period of the internal clock of organisms. Usually free-running periods are not 24 hours, 
therefore, under normal conditions (like light dark cycles) the internal clocks are reset (or 
synchronized) every day by the environment cues (inputs). The process of resetting is 
called entrainment.  Phase response curves(PRC) can be created by measuring the 
magnitude and direction of phase-dependent responses to inputs(Kuhlman et al., 2007). 
Circadian rhythm has three properties: a) a self-sustained, endogenous oscillation with a 
period close to 24 hours; b) entrainment or synchronization of the circadian rhythm by 
environmental cues, c) temperature compensation(Pittendrigh, 1993; Pittendrigh & 
Bruce, 1957).  
1.1.2.1 Endogenous property 
Endogenous property of circadian rhythm means that the rhythm is innate, not driven by 
external forces and persisting without environmental cues. Since circadian research 
originated from observation of plant movement, from an early time people believed that 
circadian rhythm was a kind of tropism, in which organisms responded to the 
environmental stimulations, such as phototropism (stalks grow towards light) and 
gravitropism (roots grow downwards). The debate on whether or not circadian rhythm 
was innate lasted untill the1980s. Opponents of endogenous property insisted that there 
must be some geophysical factors such as electrostatic and magnetic field variations, 
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but ultimately this cannot be proved (Chandrashekaran, 1998).  Nowadays, the 
endogenous property of circadian rhythm has been experimentally tested at different 
levels and broadly accepted, especially after the identification of clock genes: in the 
same conditions, mutants of clock genes show different free-running periods than the 
wild type, and the altered free-running period is inheritable(Pittendrigh, 1993). 
1.1.2.2 Entrainment 
Entrainment, as one of the essential properties of circadian rhythm, has been studied for 
a long time. There are two well-known models about how environmental cues affect 
endogenous clock: nonparametric and parametric entrainment, developed respectively 
by the two founders of circadian research, Pittendrigh and Aschoff (Daan, 2000). The 
nonparametric model developed by Pittendrigh is most accepted.  
In the nonparametric model, inputs (light in most cases) would cause instantaneous 
nonparametric phase shifts of the oscillator (internal clock).As a consequence, the free-
running period τ of the circadian system is phase-shifted each day via the environmental 
cycle whose period is T=24 hr. The changed phase is ∆ϕ(ϕ)=τ –T. By plotting the phase 
changes ∆ϕ (as Y) to the free-running period τ (as X) on an X-Y coordinate, a PRC can 
be created. Through PRC, one can predict the behavior of the oscillator under various 
conditions. The nonparametric model was developed by Pittendrigh when he worked on 
Drosophilia in his lab. The model is successful not only in flies but also in other model 
organisms in predictions and explanations of their circadian patterns. For example, the 
eclosion rhythm of Drosophila can be accurately predicted under light administration 
around dawn and dusk(Pittendrigh, 1960). People also developed clinic treatments 
based on the studying of the PRC in humans (Lewy et al., 1986). However, this model is 
a simplified one, assuming that the free-running period is fixed and uniformly shifted by 
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different input (for instance, various intensity/spectrum of light). The assumption is 
usually not true, especially in natural conditions, thus it must be used with caution. For 
example, European ground squirrels come out to ground after dawn and return 
underground before dusk without the reset by obvious light on/off. They might be 
entrained to light intensity or spectrum.  
In the parametric model, inputs would have continuous effects on the internal clock, and 
the outputs show up only when the oscillating variable is above a threshold. Inputs such 
as light will lengthen or shorten the free-running period and also modify the waveform of 
the internal clock. The parametric model is related to Aschoff’s rule, which states that: 1) 
the free running-period (observed in constant darkness (DD)) will shorten for diurnal 
animals and lengthen for nocturnal animals when the animals are under constant light 
(LL), and the effect increases with light intensity; 2) under LL the duration of  activity 
time increases for diurnal animals and decreases for nocturnal animals, and the effect 
also increases with light intensity; 3) the free-running period in DD is longer than 24h for 
diurnal animals and shorter than 24h for nocturnal animals (Aschoff, 1960; Beaulé, 
2009). Aschoff’s rule is applicable in most of screened diurnal and nocturnal animals 
(about 80 species) including birds, mammals, reptiles, fish, and arthropods (Aschoff, 
1979). The parametric model describes and predicts the alteration of periods and 
activities well but does not work well with phase shift issues. 
The two models are derived from studying different systems. Pittendrigh started with the 
eclosion of Drosophila, which is a single instantaneous event; Aschoff generalized the 
rule from continuous modulation of circadian rhythm in the activities of birds, mammals, 
and humans (Daan, 2000). Both models have their virtues and deficiencies and are 
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derived from behavior level. When we know more details of the molecular mechanism 
underneath circadian rhythm, we will have a better understanding of these models. 
1.1.2.3 Temperature Compensation 
Temperature compensation is one of the basic properties of circadian rhythm, which 
states that the free-running period is not virtually dependent on temperature (Pittendrigh, 
1960). Temperature compensation indicates that circadian rhythm is not a critical 
enzyme controlled reaction. The change of a biological or chemical system with the 
temperature change is indicated by Q10 coefficient. Q10 is the rate change of a reaction 
when the temperature increases 10 °C. The Q10 of circadian rhythm is about 1 (between 
0.9 to 1.2), while usually Q10 is above 2. The Q10 of circadian rhythm indeed changes 
only slightly with temperature change, indicating that there is a compensation 
mechanism behind the phenomena(Pittendrigh, 1960). However, temperature 
compensation does not mean that the circadian system is not sensitive to temperature 
change. Actually, temperature sometimes is a strong environmental cue which entrains 
and phase-shifts the clock(Y. Liu, Merrow, Loros, & Dunlap, 1998). 
1.2 Classic models in circadian studies 
The earliest models used in circadian rhythm studies are plants in which the light effects 
on leaves are easy to observe. The models used in circadian research expanded fast at 
the time Pittendrigh and Aschoff began to screen circadian rhythm in different 
organisms. Circadian rhythm is universal, and the mechanism is conserved, however, 
remarkable difference of circadian system could also exist even in evolutionarily closely-
related species (Figure. 1.) (Bell-Pedersen et al., 2005). The models researchers used 
have different advantages and contribute to circadian studies in different ways.  
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1.2.1 Drosophila  
The Drosophila is a powerful model in biology studies. Drosophila as a classic model 
was first used by Thomas Hunt Morgan, who won the Nobel Prize for identifying 
chromosome as the vector of gene by studying drosophila. Theodosius Dobzhansky, 
who worked with Morgan for more than ten years, interpreted evolution as "a change in 
the frequency of an allele within a gene pool", also based on drosophila studies. 
Dobzhansky’s student, Colin Pittendrigh, did most of his circadian studies on Drosophila. 
The daily rhythm of Drosophila was described as early as 1935 by H. Kalmus, who 
thought that the rhythm would be affected by temperature. In 1954, Pittendrigh proved 
that circadian rhythm was temperature independent, which was one of the properties of 
circadian rhythm (Pittendrigh, 1954). The first clock mutant per was also identified in 
Drosophila by Benzer’s student Knopaka (Konopka & Benzer, 1971). Eight years after 
the per gene was cloned by M. Rosbash and J.C. Hall at Brandeis and M.W. Young at 
Rockefeller (Bargiello, Jackson, & Young, 1984; Reddy et al., 1984; Zehring et al., 
1984), it was found that per expression was rhythmic at both mRNA and protein level(P 
E Hardin, Hall, & Rosbash, 1992; Paul E. Hardin, Hall, & Rosbash, 1990; Siwicki, 
Eastman, Petersen, Rosbash, & Hall, 1988; Zerr, Hall, Rosbash, & Siwicki, 1990). The 
other mutant timeless was identified in 1994 (Sehgal, Price, Man, & Young, 1994) and 
cloned in 1995 (Myers, Wager-Smith, Wesley, Young, & Sehgal, 1995). The E-box 
(usually CACGTG or CAGCTG), a cis-regulatory enhancer which resided in the 
promoter area of all the clock controlled genes (CCGs), was identified in 1997 (Hao, 
Allen, & Hardin, 1997). Clock(clk) was identified in flies by comparing it with the 
mammalian homolog (Allada, White, So, Hall, & Rosbash, 1998) and cycle (cyc) was 
identified in the same lab at the same time(Rutila et al., 1998). In 1990, it was found that 
the clock protein suppresses its own transcription, establishing the transcription–
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translation negative-feedback model for cell-autonomous circadian rhythm 
generation(Paul E. Hardin et al., 1990). These discoveries finally led to the idea of 
transcriptional/translational feedback loop or TTO (Darlington et al., 1998; Glossop, 
Lyons, & Hardin, 1999). Now, the TTO in Drosophila has been worked out in detail (for 
review, see(Bell-Pedersen et al., 2005) and (Paul E. Hardin, 2006)).  
1.2.1.1 Oscillator 
The positive components of TTO in Drosophila, CLOCK (CLK) and CYCLE (CYC), are 
both transcription factors with basic-helix-loop-helix (bHLH) DNA-binding domains and 
PER-ARNT-SIMS (PAS) dimerization domains. After being translated in cytoplasm, CLK 
and CYC form heterodimers and enter nucleus, binding to E-box to promote the 
expression of the negative components and other CCGs. 
The negative components include PERIOD (PER), TIMELESS (TIM), VRILLE (VRI) and 
PAR domain 1ε (PDP1ε), which negatively regulate positive components in different 
ways. After being translated, PER forms a complex with casein kinase DOUBLE-TIME 
(DBT), which accelerate the degradation of PER by phosphorylation. Translocation of 
PER/DBT complex and TIM respectively to the nucleus is promoted when PER and TIM 
are phosphorylated by casein kinase 2 (CK2). In the nucleus, PER/DBT can form 
complexes with TIM, which stabilizes PER by inhibiting phosphorylation sites of DBT. 
PER/DBT and PER/DBT/TIM complexes can directly interact with CLK to inhibit its 
function or phosphorylate CLK via DBT to release CLK/CYC dimmer from the E-box, so 
that the transcription of per, tim and other CCGs decreases. The Clk mRNA is 
rhythmically expressed with peak expression at dawn, while the Cyc mRNA is constantly 
expressed. However, the protein level of CLK remains constant, although there is a 
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phosphorylation state rhythm of CLK protein. CLK/CYC dimer binds to E-box at midday. 
mRNA of per and tim peaks at early evening, and their proteins peak late in the night.  
VRI and PDP1ε are both bZIP transcription factors and compete for VRI/PDP1ε box (VP 
box) in the promoter area of Clk. mRNA and proteins of vri peak in the early night when 
VRI protein binds VP box to inhibit Clk expression; pdp1ε mRNA peaks at midnight and 
in the late night PDP1ε is thought to enhance Clk expression as it replaces VRI from VP 
box. 
1.2.1.2 Input 
Light is one of the strongest environmental inputs in circadian systems. Light affects 
Drosophila circadian system through CRYPTOCHROME (CRY)(Emery, So, Kaneko, 
Hall, & Rosbash, 1998; Emery et al., 2000; Stanewsky et al., 1998). In flies, CRY is a 
blue light photoreceptor, detecting light by flavin (Busza, Emery-Le, Rosbash, & Emery, 
2004; Ozturk, Selby, Annayev, Zhong, & Sancar, 2011; Vaidya et al., 2013). When hit by 
photons, CRY undergoes a conformation change and then is able to bind TIM. The 
binding accelerates the ubiquitination and proteasomal degradation of TIM, therefore 
resetting the clock (Hunter-Ensor, Ousley, & Sehgal, 1996; C. Lee, Parikh, Itsukaichi, 
Bae, & Edery, 1996; Lin, Song, Meyer-Bernstein, Naidoo, & Sehgal, 2001; Myers, 
Wager-Smith, Rothenfluh-Hilfiker, & Young, 1996; Naidoo, Song, Hunter-Ensor, & 
Sehgal, 1999).  
Temperature is another strong environmental input. In flies, temperature cycles are able 
to entrain arrhythmic flies caused by constant light. The temperature entrainment 
involves the phospholipase C (PLC) encoded by nocte gene, but the details of the 
signaling pathway are still unclear(Glaser & Stanewsky, 2005).  
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1.2.1.3 Output 
Eclosion is the emergence of the adult fly from the pupal case. This event usually occurs 
in the morning. Pittendrigh demonstrated that eclosion of Drosophila was controlled 
under a biological clock, and he used it as an output to study circadian rhythm in 
Drosophila.(Pittendrigh, 1993; Pittendrigh, 1954, 1960). In the early stage, eclosion was 
counted manually. When the larvae were ready to pupate, they went to the top of the 
vial. A short strip of cylindrical cotton dental plug was introduced into each vial to collect 
the pupas, and then the plugs were transferred into a canister which was closed with a 
stoppered funnel. At each time point, the eclosion was observed by inverting and 
shaking out flies through the funnel, and the number of eclosion was recorded. Now, 
Pittendrigh’s eclosion monitors have been improved to automatic and computerized 
equipment which includes a reusable pupae disk, an electronic solenoid to tap the disk 
and an infrared sensor to monitor the eclosion of flies(Tataroglu & Emery, 2014). The 
per gene and tim gene are both identified by observing eclosion as output (Konopka & 
Benzer, 1971; Sehgal et al., 1994). However, eclosion rhythm is a population rhythm 
because fly eclosion happens only once in their lifetime. This is a limitation especially in 
high throughput studies.  
A locomotor activity of flies is the other circadian output that can be automatically 
recorded. Since infra-red light does not affect the circadian clock, it can be used to 
monitor the activities of flies. This equipment was first developed by Dr. Yoshiki Hotta, a 
post-doc in Seymour Benzer’s lab and was used in studying per mutant (Konopka & 
Benzer, 1971). The commercial equipment for monitoring eclosion and locomotor activity 
of flies is supplied by Trikinetics (Waltham, MA). Besides eclosion and locomotor 
activities, other activities such as courtship (one of the reproductive behaviors), 
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temperature preference, and feeding could also be used as circadian outputs 
(Summarized in (Tataroglu & Emery, 2014)). 
Expression of clock genes can also be an output of circadian rhythm. Expression of the 
clock genes and CCGs can be measured by quantitative real-time PCR at mRNA level 
or by western blot at protein level. For flies, rhythmic gene expression is usually 
measured from whole heads, which contain tissue with high expression of clock genes 
and can be easily collected by freezing the flies and vortex of them (Tataroglu & Emery, 
2014). 
Luciferase reporter assay is an important method to monitor gene expression in a real-
time way. Luciferases are a class of oxidative enzymes producing light in reaction with 
its substrate. Luciferase has a short half-life time, so it is suitable for temporal gene 
expression. In general experiment design, the promoter region of the interested gene is 
fused to a luciferase cDNA to produce transgenic strains. The fused sequence can be 
expressed in specific tissue or cells so that the bioluminescence could be monitored in a 
single cell or a single animal (Brandes et al., 1996). Luciferase reporter assay is non-
toxic, relatively cheap, and easy to use. Most importantly for circadian studies, it does 
not require excitation by light, which can reset or entrain circadian rhythm. High 
throughput experiments could be carried out by raising a single fly in each well of 96- or 
384-well plate and recording luminescence with a camera or a photon counter (Tataroglu 
& Emery, 2014). The first mutation in cry was identified by luminescence screening in 
EMS-mutagenized flies (Stanewsky et al., 1998). The luminescence of peripheral 
circadian oscillator in cry mutant is arrhythmic under LD cycles, but the behavior is 
rhythmic. Therefore, regular LD/DD screening would not identify this mutant because the 
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eye could entrain behavior. The first temperature entrainment gene nocte was also 
found via luminescence screening (Glaser & Stanewsky, 2005).   
1.2.2 Neurospora crassa 
Neurospora was also introduced into circadian studies by Pittendrigh. In 1953, Brandt 
reported the zonation formed by Neurospora crassa during the growth and conidian 
formation in a race tube in constant conditions. Later, Pittendrigh and Bruce found that 
the pattern reflected the biological clock in Neurospora crassa (Pittendrigh, Bruce, 
Rosensweig, & Rubin, 1959).  In 1973, two years later after the first per mutant in 
drosophila was reported, the frequency (frq) mutant was found by mutagenesis 
screening(Feldman & Hoyle, 1973). In 1989, Dunlap’s group cloned the frq gene and 
showed that it shared a sequence element with the Drosophila clock gene per (McClung, 
Fox, & Dunlap, 1989), although the evidence was not strong. In the same year, Dunlap’s 
group completed the global screens for clock-controlled genes (CCGs) in Neurospora 
(Loros, Denome, & Dunlap, 1989). Now, the components of the circadian system in 
Neurospora have been well studied (For reviews, see (Dunlap & Loros, 2006; Y. Liu & 
Bell-Pedersen, 2006; Vitalini, de Paula, Park, & Bell-Pedersen, 2006)). 
The TTO of Neurospora consists of the positive elements WHITE COLLAR-1 (WC-1) 
and WHITE COLLOR-2 (W-2) and the negative element FREQUENCY (FRQ). WC-1 
and WC-2 are GATA-type transcription factors (a kind of zinc finger transcription factor) 
with PAS domain. In the mRNA level, wc-1 and wc-2 are not rhythmic. In the protein 
level, WC-1 but not WC-2 is rhythmic with a near 24-hour period. After being translated, 
WC-1 and WC-2 proteins form heterodimers and translocate into nucleus, binding to 
Clock box (C box) of the frq promoter to activate frq expression. The expression of frq 
mRNA is rhythmic with peaks at midday; the peaks of FRQ protein occur 4-6 hours after 
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mRNA peaks. FRQ protein forms homodimers that further form complexes with FRQ-
interacting RNA helicase (FRH). The FRQ/FRH complex enters the nucleus to inhibit the 
activity of WC-1/WC-2 via phosphorylation. The stability of FRQ is determined by the 
interaction of different kinases (CKI, CKII, et al.) and phosphates (PP1, PP2A). 
Interestingly, the rhythm of WC-1 protein does not require FRQ, indicating a second 
oscillator. 
The main inputs in Neurospora circadian system are light or temperature. Nerospora 
detects light via WC-1, which serves as a blue light photoreceptor via the binding of 
flavin FAD. Once activated by light, WC-1/WC-2 binds to light-response elements in the 
promoter areas and then increases the protein level of FRQ. Temperature affects FRQ 
protein level through the posttranscriptional mechanism. In higher temperatures, the 
protein level of FRQ is higher than the FRQ protein level in lower temperatures. 
In most of the circadian studies of Neurospora, the overt rhythm of asexual spore 
formation (conidiation) is adopted as output because it is very easy to observe. The 
conidiation rhythm is observed in a race tube, where the Neruospora grows from one 
end to the other at a certain rate and shows spore formation (conidial bands) at a certain 
position about every 24 hours. Therefore, the period of the Neurospora can be 
determined by the distance between the bands. Other outputs include lipid metabolism, 
development, CO2 evolution, enzyme activity, and mRNA and protein rhythm of CCGs. 
There are more than 180 CCGs in Neurospora. 
1.2.3 Cyanobacteria (Synechococcus elongates) 
The circadian rhythm in cyanobacteria was discovered in the 1980s when researchers 
investigated how the two incompatible processes, photosynthesis and oxygen-sensitive 
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nitrogen fixation, occurred in unicellular cyanobacteria. The two processes turned out to 
be separated temporally by the endogenous clock, with photosynthesis during the day 
and nitrogen fixation during the night (Mitsui et al., 1986). Other processes, such as 
amino acid uptake, global gene expression, chromosome condensation, and cell 
division, are also under the control of the clock (for review, see (Kuhlman et al., 2007)). 
The oscillator in cyanobacteria consists of KaiA, KaiB, and KaiC proteins (for review, see 
(Kuhlman et al., 2007)). Different from the eukaryotic cells, the mRNA and protein of kai 
genes exhibit regulatory feedback features, but the TTO appears dispensable and a 
posttranslational Kai oscillator is sufficient to drive the cyanobacterial circadian system. 
KaiA expression is driven by its own promoter; kaiB and kaiC are driven by the other 
promoter. KaiA protein is able to stimulate the expression of KaiB and KaiC, but 
replacement of KaiBC promoter does not affect the oscillation. KaiC protein is 
phosphorylated rhythmically by the action of KaiA and KaiB. During the day, KaiA binds 
to KaiC to stimulate the autophosphorylation of KaiC. During the night, when KaiC is 
hyperphosphorylated, it is believed that hyperphosphorylated KaiC experiences a 
conformation change, which causes the binding of KaiB. KaiB then accelerates the 
dephosphorylation of KaiC therefore completing a cycle. Interestingly, the oscillation of 
KaiC phosphorylation could occur with only KaiA, KaiB, KaiC protein, and ATP in vitro 
(Nakajima et al., 2005). 
There is no true photoreceptor identified in S. elongates. Through the light-dependent 
period protein (LdpA) which contains iron-sulfur cluster, the circadian system detects 
cellular redox state change. The redox state in the cells is related to light intensity. The 
resetting of the phase occurs through the circadian input kinase (CikA) protein. LdpA 
and CikA both bind to KaiA to affect the circadian system. The main output of the 
 
16 
 
cyanobacterial circadian clock is the expression of CCGs, which could be easily 
monitored by the expression of the luciferase reporter gene driven by the promoter of 
target genes(for review, see (Kuhlman et al., 2007)).  
1.2.4 Mammals 
As early as 1922, the circadian rhythm was identified in rats (Richter, 1922). The 
purpose of the study was to compare the spontaneous activity of the organism to the 
typical sensory discrimination or motor learning problem. In this study, the activity of rats 
was recorded by “revolving drum“ (prototype of running wheels) in constant darkness 
and temperature, without odors and sounds. The results showed that the activity of the 
rats was spontaneously rhythmic and the periods of activity were shorter in older 
animals. In the 1950s, Aschoff did a series of studies on the locomotor activity of mice 
(Aschoff, 1951, 1952; Aschoff & Meyer-Lohmann, 1954). In these studies, he recorded 
the locomotor activity of mice in constant darkness with a mechanic rectifier, and studied 
the period change of mice activity in different light conditions. In 1988, the first mutation 
of circadian system in mammals, called tau mutation, was found in a golden hamster. 
Tau mutation was also the first circadian mutation in vertebrates, after the discoveries of 
circadian mutations in Drosophila, Neurospora, and Chlamydomonas (Ralph & Menaker, 
1988). In 1994, the first clock gene named clock in mammals was identified and cloned 
in mice by means of mutagenesis and mapping by the Takahashi lab(Vitaterna et al., 
1994). Several years later, the clock gene was identified as a basic helix-loop-helix 
(bHLH)-PAS (Per-Arnt-Sim) transcription factor (King et al., 1997). Around the same 
time, other main components of mammal TTO were identified. In 1998, bmal1 (Brain and 
Muscle Arnt-like 1) was found by the protein-protein interaction with CLOCK (Gekakis et 
al., 1998; Hogenesch, Gu, Jain, & Bradfield, 1998; Takahata et al., 1998). Bmal1 is also 
a bHLH-PAS transcription factor. Per1 gene was cloned in mice and humans with 
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sequence similarity to Drosophila per (Sun et al., 1997; Tei et al., 1997). Per2 and per3 
genes were identified as homologs of per1 by data base screening (Takumi et al., 1998; 
Zylka, Shearman, Weaver, & Reppert, 1998). Per genes contain PAS domain but not 
bHLH motif. Cry1 and cry2 genes were identified first in human cDNA data base 
screening for photolyases and then in mice (Hsu et al., 1996; Todo et al., 1996). Tau 
mutation was finally identified as casein kinase 1 epsilon (CK1ε), a homolog of DBT in 
Drosophila (Phillip L. Lowrey et al., 2000).  
1.2.4.1 Oscillator 
The main components of TTO in mammals have been thoroughly studied (For review, 
see (Buhr & Takahashi, 2013; P. L. Lowrey & Takahashi, 2004) ). The mammalian 
circadian system is similar to that of Drosophila, forming feedback loops with positive 
components and negative components. In the first feedback loop, the positive 
components, CLOCK and BMAL1 are both bHLH-PAS domain-containing transcription 
factors. CLOCK and BMAL1 form heterodimers in the cytoplasm and then enter the 
nucleus to start the transcription of the negative components and other CCGs by binding 
to the E-box sequence (-CACGTG-) in the promoter area of those genes. The activation 
requires the chromatin remodeling by a combination of clock-specific and ubiquitous 
histone-modifying proteins, including CLOCK itself, that have a histone acetyl 
transferase (HAT) domain. In addition, CLOCK/BMAL1 complex is able to recruit the 
methyltransferase MLL1 to methylated histone H3 and HDAC inhibitor JARID1a to 
further facilitate transcriptional activation. Deaceytlation of the histone proteins can come 
from the recruitment of the SIN3-HDAC (SIN3-histone deacetylase) complex by PER1 to 
CLOCK:BMAL1-bound DNA, or from the deacetylase SIRT1, which is sensitive to NAD+ 
levels. 
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The negative components, including per genes (per1, per2, and per3) and cry genes 
(cry1 and cry 2), after being transcribed and translated, form heterodimers of CRY/PER 
complexes. The CRY/PER complexes enter the nucleus and inhibit the activity of 
CLOCK/BMAL1 complexes. PER can be phosphorylated progressively by CK1ε and 
CK1δ and then degraded in ubiquitin-dependent pathways. Phosphatases PP1 and PP5 
are able to counteract or regulate the phosphorylation. Similarly, CRY1 can be 
phosphorylated by AMPK and CRY2 by DYRK1A/GSK-3β and then ubiquitinated. In 
addition, CRY proteins can be polyubiquitinated by FBXL3 (the protein of F-box gene 
fbxl3). The interaction of these factors finely tunes the phosphorylation rate of CRY/PER 
complexes, which determine the period of the clock. The degradation of CRY/PER 
complex releases the inhibition of CLOCK/BMAL1 complex so that the cycle starts 
again. 
The second feedback loop interlocks with the first loop through the expression of Bmal1. 
CLOCK/BMAL1 complexes activate the expression of retinoic-acid-related orphan 
nuclear receptors rorα and rev-erbα. After being translated, RORα activates the 
expression of Bmal1 by binding to the ROR element (RORE) in the promoter area, and 
REV-ERBα inhibits the expression of Bmal1 by competing for the RORE with RORα.  
1.2.4.2 Input 
Light is the most dominant input signal to the circadian clock in mammals. Light signal is 
transmitted from melanopsin-containing retinal ganglion cells (“intrinsically 
photosensitive retinal ganglion cells” or “ipRGCs”) to suprachiasmatic nucleus (SCN), 
which is the “master” circadian clock in mammals (details discussed in later in section 
2.1.3). 
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Temperature has a very weak entrainment effect in mammals because mammals are 
warm-blooded animals, or “homeothermic” animals, which maintain their body 
temperature regardless of ambient temperature in the environment(Rensing & Ruoff, 
2002). Specifically, temperature has a weak or no effect on the master clock in SCN, but 
a strong effect on peripheral clocks. 
Food is a strong entrainment cue in mammals. As early as 1922, Richter observed that 
under restricted feeding the activities of rats increased 2 to 4 hours before the food onset 
(Richter, 1922). This kind of anticipatory behavior is also observed in birds and 
mammals and in birds, companied with increases of body temperature, adrenal 
secretion of corticosterone, gastrointestinal motility, and activity of digestive enzymes 
(Stokkan, Yamazaki, Tei, Sakaki, & Menaker, 2001). In 1974, Krieger found that food 
and water restriction of rats from 9:30am to 11:30am shifted the phase of corticosterone 
in blood, body temperature, wheel running activities, and also serotonin and 
norepinephrine in the hippocampus (tested by directly homogenizing the hippocampus at 
different times )(Krieger, 1974). In 1976, Saito et al. showed that the activities rhythm of 
maltase and sucrose (high during the night and low during the day) in the small intestine 
of rats could be phase-shifted (low during the night and high during the day) by restrict-
feeding, and this shifted phase could last for 4-5 days under fasting(Saito, Murakami, & 
Suda, 1976). In 1979, F.K. Stephan proved that rats with SCN lesion could be entrained 
by restricted feeding in LD cycles or in constant light as well as intact animals, and this 
entrainment was not interrupted by adrenalectomy (Stephan, Swann, & Sisk, 1979). In 
1987, F.K. Stephan observed that gastrointestinal motility (indicated by 
electrophysiological and mechanical activity in vivo and in vitro) also could be phase-
shifted to day time by restrict-feeding (Comperatore & Stephan, 1987). In 2000, U. 
Schibler’s group found that restrict-feeding entrained the rhythm of the liver (all kinds of 
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gene’s expressions under circadian pattern) and other peripheral tissues but did not 
entrain the SCN no matter if it was under LD or DD. This entrainment required more time 
than light to SCN and had different kinetics in different tissues (Le Minh, Damiola, 
Tronche, Schutz, & Schibler, 2001). In 2001, by using a Per1-driven-luciferase rat model 
Karl-Arne Stokkan in Menaker’s group found that restricted feeding entrained liver 
rhythm without affecting SCN rhythm in LD cycle, and this phase-shifted rhythm 
persisted even after one or two days fasting(Stokkan et al., 2001). Some evidence 
shows that the food entrainment may be controlled by dorsomedial hypothalamic 
nucleus (DMH), while the light entrainment is controlled by SCN(Fuller, Lu, & Saper, 
2008). However, Ralph Mistlberger and colleges strongly disagree with Fuller 
(Mistlberger, 2011; Patton & Mistlberger, 2013). Food entrainment is related to the 
metabolism system, which can interact with the circadian system (Bass & Takahashi, 
2010; Eckel-Mahan & Sassone-Corsi, 2009).  
1.2.4.3 Output 
Mammalian models, especially mice, are well studied in the circadian area because of 
their similarity to humans. Franz Halberg and colleagues assayed more than fifty 
physiological parameters of mice, such as metabolism, hormone secretion, cell division, 
body weight, body temperature, and locomotor activity, each showing circadian rhythm 
in different phases (Szabo, Kovats, & Halberg, 1978). Many of these parameters can be 
used as output. Now the most extensively adopted output is the gene expression of 
clock genes and CCGs. There are different ways to measure the gene expression at 
different levels, for example, real-time PCR and microarray for mRNA, Western blot and 
Immunostaining for proteins, etc. Luciferase assay is also used in observing gene 
expression in real-time. Wheel running activity of rodents is a classical and powerful 
output, which can be recorded automatically with commercial equipment. Another very 
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important output is the electronic activity of SCN neurons and tissues. 
Electrophysiological techniques can measure the electronic activities of SCN cells and 
tissue, and also electroencephalograph (EEG) and electromyography (EMG) of rodents. 
1.2.5 Birds 
People noticed bird song rhythm very early. In 1912, the morning and evening songs of 
birds had been reported (Wright, 1912, 1913). After the general circadian model was 
built up in 1960s, a lot of studies on birds’ activities were carried out (Daan & Aschoff, 
1975). However, the clock genes of circadian system in birds (mainly in chickens and 
quails) were not identified until the 2000s based on the sequence information of mammal 
orthologous (Abraham, Albrecht, Gwinner, & Brandstätter, 2002; Nelson W. Chong, 
Marianne Bernard, & David C. Klein, 2000; Larkin, Baehr, & Semple-Rowland, 1999; 
Okano et al., 2001; Yamamoto, Okano, & Fukada, 2001b; Yoshimura et al., 2000). 
Circadian system of birds at the molecular level is very similar to that of mammals, 
including positive components such as Clock and Bmal1, and negative components like 
Per2, Per3, Cry1, and Cry2. Birds do not have Per1. Chicken (Gallus gallus) BMAL 
(gBMAL) proteins can each form heterodimers with chicken CLOCK (gCLOCK) and 
activate the expression of chicken Per2 (gPer2) transcription via an E-Box. Furthermore, 
the addition of chicken PER2 can inhibit transcriptional activation by either heterodimer. 
In addition, overexpression of gBMAL1 or gBMAL2 in cultured pineal gland (PIN) cells 
eliminates the rhythm of melatonin release (Okano & Fukada, 2001). It is already known 
that there is an E-Box in the aanat promoter by analyzing 5’ flank region, gBMAL1: 
gCLOCK heterodimers can also activate chick aanat transcription via this E-Box (N. W. 
Chong, M. Bernard, & D. C. Klein, 2000). However, the regulatory mechanism of the E-
Box in transcriptional regulation is still unclear because genes containing E-Box are 
expressed in various ways and with various dynamics (Rosato & Kyriacou, 2002). For 
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example, the phase of gAanat and gPer2 mRNAs are reversed with one another, 
although the promoters of both genes have E-Boxes in response to gBMAL1:gCLOCK 
heterodimers (Natesan, Geetha, & Zatz, 2002). Clearly, the regulatory mechanism of 
clock genes to the downstream pathway still needs to be clarified. 
The light input pathway in birds is complicated. In birds, the light signals are conducted 
to SCN via the retinohypothalamic tract (RHT), and SCN regulates melatonin production 
in the pineal gland through SCG, which is similar to mammals (V. M. Cassone & 
Menaker, 1983; V. M. Cassone & Moore, 1987). Since the pineal in birds is 
photoreceptive, the melatonin rhythm could be entrained directly by light (Takeo 
Deguchi, 1979). In addition, the light information could be detected not only by eyes and 
pineal gland, but also by photoreceptors in other brain areas(Doyle & Menaker, 2007).  
The circadian rhythm of bird song and activity has been investigated for a long time 
(Daan & Aschoff, 1975; Wright, 1912, 1913). Now both the song and the activity of birds 
can be recorded and analyzed conveniently in lab (Gang Wang, Clifford E. Harpole, Amit 
K. Trivedi, & Vincent M. Cassone, 2012). Different hormones could be measured as 
outputs of circadian rhythm in birds. Melatonin, which affects the overall rhythm of birds, 
is an important hormone output of bird circadian system (V. M. Cassone, 1998; T. 
Deguchi, 1979a; Takeo Deguchi, 1979). Details about melatonin will be discussed in 
later sections. Thyroid hormone is another important hormone output of bird circadian 
system which also affects numerous physiological processes (Dardente, Hazlerigg, & 
Ebling, 2014). All the measurable gene expressions could also be outputs, just as those 
in mice and flies. 
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1.3 Organization of circadian system 
The circadian system is organized in a hierarchy in which pacemaker drives or 
synchronizes peripheral oscillators (Pittendrigh & Bruce, 1957). Pacemaker was just a 
concept till Harker claimed the pacemaker in cockroach was housed in the sub-
oesophageal gland in 1956 (Chandrashekaran, 1998). Although latterly the pacemaker 
in roach turned out to be in the optic lobe (Nishiitsutsuji-Uwo & Pittendrigh, 1968), the 
idea that oscillator/pacemaker resided in specific tissue was built up. In the original 
model, a circadian oscillator is a structure that expresses a self-sustained oscillation in 
constant conditions for at least two cycles, while a circadian pacemaker is a circadian 
oscillator that controls overt rhythm. Before the clock genes were identified, the studies 
on circadian rhythm mainly focused on localizing and isolating circadian pacemakers 
and analyzing the mechanism of circadian rhythm in pacemakers in vivo or in vitro (J. S. 
Takahashi, 1995). The properties of pacemaker were demonstrated by transplant 
experiments in which the pacemaker can impose its endogenous rhythm on the 
recipient. For example, in 1979, Zimmerman and Menaker transplanted the pineal tissue 
into the anterior chamber of the eye, rapidly reestablishing the rhythms of arrhythmic 
pinealectomized sparrows with the phase of the donor birds(Zimmerman & Menaker, 
1979). The role of pacemaker was also demonstrated for SCN in hamster (Ralph, 
Foster, Davis, & Menaker, 1990), and  in invertebrates  for  the  brain of  silkmoths 
(Truman & Riddiford, 1970) and Drosophila (Handler & Konopka, 1979) and for the optic 
lobes of cockroaches (Page, 1982). Three oscillators of diencephalic structure has been 
identified in different organisms, including SCN in mammals(Meijer & Rietveld, 1989), 
the pineal glands in birds, reptiles and fish (Falcon, Marmillon, Claustrat, & Collin, 1989; 
J. S. Takahashi, Murakami, Nikaido, Pratt, & Robertson, 1989; Underwood, 1990), and 
the retina in birds and amphibians (Cahill & Besharse, 1990; Pierce et al., 1993; 
Underwood, Barrett, & Siopes, 1990). After the clock genes were identified, it was found 
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that in mammals without SCN, clock genes in many tissues were still rhythmic (Abe et 
al., 2002; Balsalobre, Damiola, & Schibler, 1998; Tosini & Menaker, 1996; Yamazaki et 
al., 2000). This evidence indicates that SCN synchronizes the rhythm of peripheral 
oscillators instead of driving or generating the rhythm. Therefore, now in circadian 
studies pacemaker does not have the same meaning as it has in electronic engineering, 
or it can be replaced by “master clock” or “master synchronizer”(Buhr & Takahashi, 
2013). 
1.3.1 SCN 
In mammals, SCN is the master pacemaker, which generates and/or coordinates all of 
the rhythms for the whole body (Moore & Eichler, 1972; Moore & Silver, 1998; Stephan 
& Zucker, 1972). SCN was discovered simultaneously by Robert Y. Moore’s lab at the 
University of Chicago and Irving Zucker’s lab at the University of California,Berkeley in 
1971 (Moore & Eichler, 1972; Moore & Lenn, 1972; Stephan & Zucker, 1972; Weaver, 
1998). SCN, the suprachiasmatic nuclei, is a paired nucleus on the bottom of third 
ventricle, located just above the optic chiasma. When Moore and his collaborators 
studied the pineal monoamine metabolism (part of his interests about the monoamine 
pathway from the brain to the limbic system), the work around 1966 indicated that the 
visual pathway controlled the pineal gland through the median brain bundle. And then, 
when he injected radioactive H-amino acid into the eye, the retinohypothalamic tract 
(RHT) was identified in 1971 (Moore & Lenn, 1972). In 1972, the work of Moore and 
Zucker showed that SCN was the site of pacemaker by lesion studies (Moore & Eichler, 
1972; Stephan & Zucker, 1972). When SCN was destructed in mammals studied up to 
date including several rodent species (rats, mice, and hamsters), cats, and squirrel 
monkeys, a wide array of circadian rhythms were abolished, and the biological clocks of 
the animals were insensitive to LD cycles(Moore, 1995; Moore & Silver, 1998). Rae 
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Silver’s group demonstrated that transplanted SCN could restore the arrhythmic hamster 
caused by SCN destruction in 1987. In 1990, by the same technique, Martin Ralph and 
Michael Menaker demonstrated that the restored rhythmicity was from the donor SCN 
rather than the host when they adopted tau mutant hamster in the transplantation 
experiment. 
The SCN are paired nucleus structures of the ventral hypothalamus, with each half 
containing about 10,000 neurons in mice and about 50,000 neurons in humans (V. M. 
Cassone, Speh, Card, & Moore, 1988; Swaab, Fliers, & Partiman, 1985).  SCN has two 
subdivisions called the dorsomedial “shell” and the ventrolateral “core”(Morin, 2007). The 
dorsomedial region has high expression of arginine-vasopressin (AVP) and the 
ventrolateral region has high expression of vasoactive intestinal peptide (VIP), which is 
how the two areas are identified (Dierickx & Vandesande, 1977; Samson, Said, & 
McCann, 1979; Vandesande & Dierickx, 1975). The two areas also express many kinds 
of neuron transmitters: neurons of the SCN shell contain γ-amminobutyric acid (GABA), 
calbindin (CALB), AVP, angiotensin II (AII) and met-enkephalin (mENK), and receive 
input from galanin (GAL) and VIP immunoreactive fibers; and neurons of the SCN core 
synthesize GABA, CALB, VIP, calretinin (CALR), gastrin releasing peptide (GRP), and 
neurotensin (NT), and receive input from the retina and from fibers that contain 
neuropeptide Y (NPY) and 5-hydroxytryptamine (5HT)(Abrahamson & Moore, 2001).  
SCN itself displays circadian rhythm in different levels. In 1979, Inouye and Kawamura’s 
study demonstrated that the electronic activities of SCN were rhythmic (high during the 
day)(Inouye & Kawamura, 1979). There was circadian pattern of spontaneous action 
potentials in SCN tissue and single cells (Jackson, Yao, & Bean, 2004). Schwartz 
adopted radio-labeled 2-deoxy-D-glucose (2DG) to demonstrate the metabolic oscillation 
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in SCN in 1977, providing another method to study SCN than destruction (Schwartz & 
Gainer, 1977). SCN metabolism is high during the day and low during the night. During 
the day the metabolism is insensitive to light, but during the night it is inducible by light 
pulse, which coincides with the NAT activities. Taking advantage of 2DG, Reppert and 
Schwartz in 1983 demonstrated that metabolic activity was rhythmic in fetal SCN, high in 
the day as in maternal SCN, despite the fact that fetal SCN cell was virtually devoid of 
synapses. The entrainment of the fetus occurred only in several species and required 
maternal SCN; two signals that were able to entrain the fetal SCN were dopamine and 
melatonin(S. M. Reppert & Schwartz, 1983). In 2000, by using a Per-driven-Luciferase 
rat model, Yamazaki in Menaker’s lab showed that SCN contained a robust oscillator 
that persisted up to 32 days; in contrast, the oscillator in peripheral tissue, such as liver, 
lung and skeleton muscle, dampened in 2 to 7 cycles(Yamazaki et al., 2000). These 
experiments were operated in a static culture without changing media. Interestingly, 
changing media can reinitiate the dampened rhythm. In the same paper, the SCN 
responded to shifts of light cycle faster than lung and skeleton. Intriguingly, liver had 
almost no response to the light cycle shifts, coinciding with the food entrainment study.  
Single SCN neurons are rhythmic, synchronizing with each other to constitute a neuron 
circuit. In 1993, it was first showed that a single neuron was able to maintain circadian 
rhythm by studying mollusk’s basal retinal neurons (Michel, Geusz, Zaritsky, & Block, 
1993). Welsh, from Reppert’s lab in 1995, showed that in a single culture, dissociated 
SCN cells have different phases and periods by using a multimicroelectrode plate 
(Welsh, Logothetis, Meister, & Reppert, 1995). Even two neighborly cells have reverse 
phase, and the cells have different periods. However, as Yamaguchi et al. reported in 
2003, the phases of the SCN cells are different, but the peaks and the troughs are very 
close to each other, and the periods are very similar (Yamaguchi, Isejima et al. 2003). In 
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this paper, they monitored the mPer1-promoter–driven bioluminescence of individual 
neurons within an intact SCN neuronal assemblage in real-time (organotypic SCN slices 
held in long-term culture) using a cooled CCD camera.  
The neuron circuit in SCN synchronizes the neurons to send out uniform output as a 
whole functional unit (reviewed in (Herzog, 2007)). The cell-cell communication/neuron 
circuit can even make up the loss of rhythm in a single cell caused by clock gene 
mutation (Ko et al., 2010; A. C. Liu et al., 2007).The synchronization among neurons 
requires the clock cells spiking (Yamaguchi et al., 2003). The neuron cells in the SCN 
are heterogeneous, with differences in their pace making abilities, neuron transmitter 
expressions, response to environmental cues, and rhythmicity of themselves (Antle & 
Silver, 2005). The SCN neurons in the dorsal “shell” peak in firing or gene expression 
earlier in the day than neurons in the ventral “core”(Schaap et al., 2003; Yamaguchi et 
al., 2003). The mechanism of the synchronization is not clear yet, but there are several 
candidates mediating the synchronization, including GABA, VIP, and other neuron 
transmitters such as GRP and prokineticin 2 (PK2) (reviewed in(Sara J. Aton & Herzog, 
2005)).   
GABA and GABA receptors (GABAA and GABAB) are expressed by most SCN neurons. 
GABA releasing is rhythmic in the dorsal SCN in constant conditions, with higher 
frequencies of inhibitory postsynaptic potentials during the late subjective day than late 
subjective night (Itri & Colwell, 2003). GABA administration can phase-shift the firing 
rhythms of individual SCN neurons in vitro and synchronize the rhythms of neurons in a 
culture(C. Liu & Reppert, 2000). Evidence shows that there are two oscillations of firing 
in SCN, one in dorsal SCN and one in ventral SCN, talking with each other through 
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GABA (Albus, Vansteensel, Michel, Block, & Meijer, 2005). The role of GABA in 
synchronization still remains to be tested. 
VIP is synthesized by ventromedial SCN neurons. These VIPnergic SCN neurons, 
composing 15% of the 20,000 neurons in the SCN, receive input from retina ganglion 
cells (Abrahamson & Moore, 2001). The VPAC2 receptor for VIP is expressed by half of 
all VIPergic neurons and almost all AVP-expressing neurons. VPAC2 expressing 
neurons compose about 60% of all SCN neurons. VIP releasing is rhythmic in rat SCN in 
vitro (Shinohara, Honma, Katsuno, Abe, & Honma, 1995). VIP administration shifts both 
behavior and SCN firing rhythm (Piggins, Antle, & Rusak, 1995; Reed, Meyer-Spasche, 
Cutler, Coen, & Piggins, 2001). VIP and VPAC2 mutant mice both show disturbed 
circadian rhythm in certain conditions (Colwell et al., 2003; Harmar et al., 2002). VPAC2 
agonist restored rhythmicity to the VIP neurons and synchronized firing rhythms of 
neurons in culture (S. J. Aton, Colwell, Harmar, Waschek, & Herzog, 2005). But the 
direct evidence that VIP synchronizes the neurons is still lacking. 
In birds SCN is an important component of the circadian system. Birds have two sets of 
structures associated with SCN function: the medial suprachiasmatic nuclei (mSCN) and 
the visual suprachiasmatic nuclei (vSCN) (Cantwell & Cassone, 2006a, 2006b; V. M. 
Cassone & Moore, 1987). The two structures are connected by neuronal projections and 
astrocytes. The vSCN expresses metabolic and electrical rhythmicity and receives 
retinohypothalamic (RHT) input. In addition, the vSCN contains melatonin receptor 
binding, and the metabolic activity of the vSCN can be inhibited by melatonin. The 
mSCN does not show these properties, but lesions of mSCN result in arrhythmicity( for 
review, see(Vincent M. Cassone, 2014)). 
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1.3.1.1 Input 
Light is the primary input to SCN. Mammals perceive light mainly through their retinas. 
Light information is directly transmitted from retina to SCN through RHT(Moore & Lenn, 
1972). RHT originates from intrinsically photosensitive retinal ganglion cells (ipRGCs), 
which contain melanopsin (Hattar, Liao, Takao, Berson, & Yau, 2002). The light 
information can be received by rods, cones and/or melanopsin in ipRGCs and sent to 
SCN via RHT, however, only the light transmitted through ipRGCs could reset the phase 
of SCN (Berson, Dunn, & Takao, 2002; Freedman et al., 1999; Guler et al., 2008; Panda 
et al., 2002). The neurons in ventral lateral SCN, which express VIP, receive input from 
RHT. The main neurotransmitters of the RHT to the SCN are glutamate and PACAP, 
which alter the gene expression of mPer1 and mPer2 through cyclic AMP (cAMP) and 
cyclic AMP responsive element-binding protein (CREB) signaling pathway (reviewed in 
(Steven M. Reppert & Weaver, 2002) and (van Esseveldt, Lehman, & Boer, 2000)). 
There are also neuropeptide Y (NPY) input from the intergeniculate leaflet (IGL) of the 
lateral geniculate nucleus (LGN) through the geniculo-hypothalamic tract 
(GHT)(Swanson, Cowan, & Jones, 1974), and serotonergic (5-hydroxytryptamine, 5-HT) 
input from the raphe nuclei(Bosler & Beaudet, 1985).Details are reviewed in  van 
Esseveldt et al’s paper ((van Esseveldt et al., 2000)). 
1.3.1.2 Output 
SCN regulates peripheral tissues and organs mainly through neural outputs. Via lesion 
studies and retrograde and anterograde tract tracers, especially the pathogen 
pseudorabies virus (PRV) which travels a long distance from peripheral tissue to central 
neuron system (CNS), many SCN efferent connections to other neural structures and 
peripheral tissues have been identified (for reviews, see(van Esseveldt et al., 2000) and 
(Bartness, Song, & Demas, 2001) ). In the CNS, SCN receives signals from LGN and 
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raphe nuclei and also projects to them, possibly forming a feedback loop to modulate its 
inputs. The primary projections of rat and hamster SCN run dorsally into the 
subparaventricular zone (sPVz) below the hypothalamic paraventricular nucleus (PVN) 
with a small portion projecting into the paraventricular nucleus of the thalamus (PVT) 
and the dorsomedial and ventromedial nuclei of the hypothalamus (DMH and VMH). It 
was proposed that the projections to the PVN affect circadian active autonomic 
functions, whereas projections to the MPN and PVT regulate over fluid homeostasis, 
reproduction and thermoregulation, and sleep/activity rhythms (Buijs, Hermes, & 
Kalsbeek, 1998). In addition, SCN regulates a variety of peripheral tissues/organs such 
as pineal gland, white adipose tissue (WAT) and brown adipose tissue (BAT), adrenal 
gland, thyroid, pancreas, and spleen (Bartness et al., 2001).  
The pathway by which SCN regulates melatonin production in mammals is well defined, 
consisting of a GABAergic projection from the SCN to PVN, projections from the PVN to 
the intermediolateral column of the spinal cord, further connections to the superior 
cervical ganglion (SCG), and then SCG to the pineal gland to produce melatonin. The 
pathways by which SCN controls corticosterone plasma rhythms are also identified: 
multisynaptic projections via the PVN and the intermediolateral column neurons of the 
spinal cord to the adrenal gland and a neuron endocrinal pathway. The endocrinal 
pathway includes a direct projection from SCN neurons to the corticotroph releasing 
factor (CRF)-producing neurons of the PVN and an indirect input on these neurons via 
the DMH. Activation of CRF producing neurons causes the rhythmic release of 
adrenocorticotrophic hormone (ACTH) from the anterior lobe of the pituitary gland. The 
sensitivity of adrenal gland to ACTH leads to rhythmic production and release of 
corticosterone from the adrenal gland. The other projections from SCN to the peripheral 
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tissue indicate SCN is directly involved in regulating almost all kinds of physiological 
processes such as homeostasis, metabolism, immunity, water balance, etc. 
Besides neuronal outputs, evidence shows that there are also secretory signals from 
SCN. Isolated SCN tissue, sealed in a semipermeable polymeric capsule which prevents 
neural outgrowth but allows diffusing of signals, could rescue SCN-lesioned arrhythmic 
animals after transplantation(Silver, LeSauter, Tresco, & Lehman, 1996). The diffusible 
signal (or signals) has not been identified, but there are several candidates such as 
transforming growth factor α (TGF-α), prokineticin 2 (PK2), and cardiotrophin like 
cytokine (CLC), which induce acute activity suppression and are rhythmically produced 
by the SCN (Cheng et al., 2002; Kramer et al., 2001; Kraves & Weitz, 2006). 
1.3.2 Pineal gland (PIN) 
1.3.2.1 History 
Because of its special structure, pineal gland was noticed very early (For review see in 
(Foulkes, Borjigin, Snyder, & Sassone-Corsi, 1997; Lokhorst, 2014; "The Pineal," 1974; 
Valerie Simonneaux & Christophe Ribelayga, 2003)). It is the only non-paired organ 
located in the center of the skull, between the two hemispheres of cerebellum. In adult 
humans, the pineal is calcified, therefore employed by radiologists to identify the midline 
of the brain. Pineal gland might be first described by Herophile in the 3rd century B.C.  
450 years later, Galen (ca. 130-ca. 210 CE) named the organ as pineal because of its 
similarity to the nuts of pine. He also identified the pineal organ as a gland based on its 
appearance and his understanding of the function of all the other glands: supports for 
blood vessels. He once postulated that the pineal gland regulated the flow of “psychic 
pneuma”, referring to “the first instrument of the soul”. In the 17th century, Descartes 
describe the pineal gland as the seat of the soul. The endocrine function of the pineal 
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gland was first noticed in 1898 by Otto Heubner, a famous German pediatrician who 
described precocious puberty in a boy who had a pineal tumor. This case suggested the 
link between pineal gland and reproduction. In the early 20th century, it was found that 
pineal extracts lightened frog skin (McCord & Allen, 1917). In 1943, Bargman found that 
endocrine function of the pineal gland was regulated by light through the nervous 
system. In 1958, melatonin was identified from bovine pineal extracts (Lerner, Case, 
Takahashi, Lee, & Mori, 1958). In 1963, Quay first revealed the circadian rhythm in 
pineal gland by noticing the diurnal cycles of serotonin with peaks in midday and troughs 
during the night (Quay, 1963). Wurtman and Axelrod did a lot of pioneer work on pineal 
gland in the1960s. In 1963, it was discovered that melatonin inhibited mammalian 
estrous cycle as pineal extracts did, which linked melatonin to reproduction (Axelrod, 
Wurtman, & Chu, 1963). Based on the observation that constant light and pinealectomy 
both induced the development of large ovaries, their studies showed that light affected 
reproduction through pineal gland via melatonin, which revealed the role of melatonin in 
reproduction (Chu, Wurtman, & Axelrod, 1964; Wurtman, Axelrod, & Chu, 1964; 
Wurtman, Axelrod, Chu, & Fischer, 1964). Similarly, seeing the effects of lights and 
pinealectomy on rat gonad, they examined the effect of light on melatonin production, 
therefore relating light and neural input to melatonin synthesis(Axelrod, Wurtman, & 
Snyder, 1965; Snyder, Axelrod, Fischer, & Wurtman, 1964; Wurtman, Axelrod, & 
Phillips, 1963). In addition, the studies of this group revealed the effect of NE and cAMP 
in the melatonin synthesis in rat pineal, lighting up the way to understand the detailed 
regulation mechanism (Shein & Wurtman, 1969; Wurtman, Axelrod, Sedvall, & Moore, 
1967; Wurtman, Shein, & Larin, 1971).  
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1.3.2.2 Structure of pineal gland 
The morphology and structure of pineal gland are fairly diverse among different species 
(For review, see (Korf, 1994)). In most species, the pineal complex develops from the 
diencephalic roof, located between the habenular and posterior commissures. In 
lampreys and most gnathostome fish, the pineal complex consists of two parts: a pineal 
organ proper and a parapineal organ, both located inside the skull. The pineal organ 
proper is continuous with the habenular and posterior commissures. Some amphibian 
species have a frontal organ of pineal complex located outside of the skull, which can be 
distinguished from pineal proper. The amphibian pineal organ is a hollow structure, with 
lumen communicating with the third ventricle. Some reptiles also have a so-called 
parietal eye, which is in the parietal foramen of the skull. If it is presented, it has similar 
structure with normal eyes, with a cornea and lens and a nerve connection to habenular 
ganglion. Avian pineal is developed from a single thickening of the diencephalic roof.  In 
passerine birds, the pineal is a single hollow, saclike structure, but in duck and pigeon 
the pineal gland is a follicular structure. In sex matured galliform birds such as chicken 
and quail, the pineal is a compact organ. In most mammals (including hedgehog, cat, 
sheep, bovine and most primates), the pineal gland is a solid mass between the 
habenular and posterior commissure. Rodent pineal consists of a proximal portion 
connected with a superficial portion by a stalk. In all mammals, the third ventricle 
protrudes deeply into the pineal, forming the pineal recess. Some mammal species, 
including human, contain calcareous concretions in pineal gland, increasing with age, 
but not paralleling with the decrease of pineal metabolic activity. 
The pineal parenchyma is formed by at least three types of cells: pinealocytes, 
supporting (glial) cells, and neurons (Korf, 1994). A basal lamina separates the pineal 
parenchyma from connective tissue (capsule) and the capillaries. Among the different 
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vertebrate classes, pinealocytes can be divided into three categories: true pineal 
photoreceptors, modified pineal photoreceptors, and pinealocytes sensu stricto. The 
pineal gland of lampreys, teleosts, amphibians, and lancertilians (lizards) has true pineal 
photoreceptors, which have synapses on the dendrites of intrapineal second-order 
neurons, outer segments with rod/cone-opsin, and the components of retina 
phototransduction pathway.  
The avian pineal gland mainly consists of the modified pineal photoreceptors. Their out 
segments are less regular than true pineal photoreceptors, and some have only a 
bulbous cilium. The basal processes of modified pineal photoreceptors which contain 
synaptic ribbons with clear vesicle or dense-core granules (indicating high secretory 
activities) terminate to adjacent basal lamina or basal process of other photoreceptors 
(not dendrites of intra-pineal neurons). The intra-pineal neuron is rare in adult birds 
except passerine species which have Acetylcholinesterase-positive (AChE-positive) 
nerve cells and well developed pineal tracts in pineal gland. Modified pineal 
photoreceptors generally contain rod-opsin, S-antigen, and α-transducin (chicken pineal 
does not have S-antigen (Korf, 1994)).  
The mammalian pineal gland consists of pinealocytes sensus stricto, including mono-, 
bi- and multi-polar cells. Mammalian pinealocytes do not have outer or inner segments. 
Most mammalian pinealocytes have processes terminating on basal lamina, but one 
type of pinealocyte has a long axon-like process, leaving the pineal and penetrating in 
the brain. Mammalian pinealocytes also have transparent vesicles and dense core 
granules (with a fairly smaller size). Most mammalian pinealocytes contain rod-opsin, S-
antigen (most) and α-transducin (only Mole), although with distribution variance among 
the pinealocytes and species. These proteins do not involve in phototransduction, 
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because in mammal pineal gland no 11-cis or all-trans retinal is found as in birds and 
fish.  
1.3.2.3 Input 
The pineal gland receives many kinds of inputs (for review, see(Valerie Simonneaux & 
Christophe Ribelayga, 2003)). Light can be directly detected by the true pineal 
photoreceptors (in poikilothermic animals) or the modified pineal photoreceptors (in 
birds) in pineal gland (Korf, 1994). Neuron inputs to pineal gland include sympathetic 
and parasympathetic pathways and central pathways. In addition, there are also 
endocrine inputs and paracrine inputs to pineal gland.  
Different from mammals, the pineal gland of chicken is photosensitive (T. Deguchi, 
1979a; Takeo Deguchi, 1979). At least four kinds of opsins have been identified in 
chicken pineal gland, including pinopsin (Okano, Yoshizawa, & Fukada, 1994), 
melanopsin (Bailey & Cassone, 2005; Chaurasia et al., 2005), peropsin and RGR opsin 
(Bailey & Cassone, 2004). Light has two effects on the melatonin rhythm of pineal cells: 
one is acute suppression of melatonin production; the other is phase shift effect of 
internal clock (M. Zatz & Mullen, 1988c).The acute effect can be blocked by pertussis 
toxin, indicating a transducin dependent pathway. Pinopsin and G11alpha might be the 
photopigment and the G protein on the signaling pathway of the acute effect (Kasahara, 
Okano, Haga, & Fukada, 2002). The phase-shift effect of light is still not clear, but clock 
gene Cry1 shows light-dependent up-regulation (Karaganis et al., 2008; Yamamoto, 
Okano, & Fukada, 2001a), indicating that light can phase shift internal clock at molecular 
level. 
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Pineal gland also receives light information indirectly from SCN neuron input via a 
complicated pathway: the signals from SCN pass through paraventricular nuclei (PVN) 
and intermediolateral cells (IML) of the upper three segments of the spinal cord, and 
then get to pineal gland via super cervical ganglion (SCG). Tracing autonomic 
innervation of the rat pineal gland using viral transneuronal tracing clearly shows the 
neuron pathway of SCN-PVN-IML-SCG-PIN(Larsen, 1999). Lesion of PVN eliminates 
the melatonin rhythm in the pineal gland(D. C. Klein et al., 1983). Electronic stimulation 
in SCN evokes response in PVN (Hermes, Coderre, Buijs, & Renaud, 1996). GABA 
mediates the inhibition from SCN to PVN during the day; without GABA input from SCN 
to PVN, the melatonin synthesis in the pineal gland loses it rhythm and stays at a 
medium level(Kalsbeek, Cutrera, Van Heerikhuize, Van Der Vliet, & Buijs, 1999; 
Kalsbeek et al., 1996; Kalsbeek et al., 2000). The PVN neurons containing oxytocin (OT) 
and VP project to the IML of the upper three segments of the spinal cord (Cechetto & 
Saper, 1988; Gilbey, Coote, Fleetwood-Walker, & Peterson, 1982; Yamashita, Inenaga, 
& Koizumi, 1984), and then the IML neurons innervate the rostral pole of the SCG 
neurons by acetylcholine (ACh)(Kasa, Dobo, & Wolff, 1991; Reuss, Johnson, Morin, & 
Moore, 1989; Strack, Sawyer, Marubio, & Loewy, 1988). The SCG innervates pineal 
gland with norepinephrine (NE), but NE has different effects in mammals and birds 
(Axelrod, 1974; V. M. Cassone & Menaker, 1983; Sugden & Klein, 1983b). In mammals, 
NE is released by the sympathetic terminals in dark, stimulating β-adrenergic receptors 
and α1B-adrenergic receptors. The β-adrenergic receptors stimulate Gs to activate 
adenylate 1(AC1) cyclase, and activated α1B-adrenergic receptors increase the 
intracellular Ca2+ and protein kinase C activity, which potentiates the stimulation of 
AC1(DEGUCHI, 1973; Ho, Thomas, Chik, Anderson, & Klein, 1988; Sugden & Klein, 
1983a; Sugden, Vanecek, Klein, Thomas, & Anderson, 1985). cAMP activates PKA, 
which stimulates the activity of Aryl Alkyl N-Acetyl Transferase (AANAT) by 
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phosphorylating 14-3-3. AANAT is the critical enzyme of melatonin synthesis pathway 
(Ganguly et al., 2001; Ganguly et al., 2005). In ungulates and primates, regulation 
through 14-3-3 is the only known cellular mechanism to control AANAT activity. 
However, in rodents cAMP also regulates Aanat transcription through PKA-dependent 
phosphorylation of CREB (cyclic AMP regulatory element-binding protein) which binds to 
CREs in the Aanat promoter (Baler, Covington, & Klein, 1997, 1999; Burke, Wells, 
Carter, Klein, & Baler, 1999; Coon et al., 2001; P H Roseboom & Klein, 1995; P. H. 
Roseboom et al., 1996). In birds, norepinephrine (NE) activates α2-adrenoreceptors, 
which may couple with Gi, inhititing the adenylate cyclase activity (T. Deguchi, 1979b; B. 
L. Pratt & Takahashi, 1987, 1988; Voisin & Collin, 1986). The mechanism in which cAMP 
regulates AANAT in birds is assumed to be similar to that in mammals, but detailed 
information has yet to be uncovered. Besides the cAMP pathway, there is also evidence 
indicating the involvement of phospholipase C (PLC)/ Ca2+ signaling pathway in NE 
administration in pinealocytes (S. Y. Lee et al., 2006; Zemkova, Stojilkovic, & Klein, 
2011).  
Besides the sympathetic neural input from SCN, mammalian pineal gland also receives 
other neural input from PVN, IGL, and habenular area, although these inputs are 
relatively weak (for review, see (V. Simonneaux & C. Ribelayga, 2003)). There are also 
debates on the existence of parasympathetic pathway inputs and other neural inputs. 
There are also possible endocrine and paracrine inputs to pineal gland. Injection of 
luteinizing hormone-releasing hormone (Redding et al., 1973), VP(Zlokovic et al., 1991), 
melanin-stimulating hormone (Kastin et al., 1976), and delta-sleep inducing peptide 
(Graf & Kastin, 1984) causes the accumulation of these hormones in pineal gland. There 
are more than 15 kinds of peptides (such as VP, VIP, OT etc.) and more than 10 kinds of 
 
38 
 
chemicals (melatonin, NE, serotonin, dopamine, glutamate, etc.) presented in pineal 
glands, which raise the possibility of paracrine inputs (for review, see(V. Simonneaux & 
C. Ribelayga, 2003)). 
1.3.2.4 Output  
Melatonin is the major output of pineal gland, not only because all the enzymes on its 
synthesis pathway are strongly (some of them are rhythmically) expressed in pineal 
gland, but also because it is the only pineal hormone demonstrated to mediate 
physiological functions. Serotonin is also rhythmically expressed in pineal gland with 
high concentration and antiphase to that of melatonin, but the physiological significance 
of pineal serotonin is not clear yet (D. C. Klein, 1985; Mefford et al., 1983; V. 
Simonneaux & C. Ribelayga, 2003). 
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Figure 1. Circadian oscillators are controlled through a common mechanism 
a) Most circadian systems share a common mechanism, which are composed of positive 
and negative elements, forming feedback loops. The positive elements activate the 
expression of the clock genes which drive rhythmic biological outputs and encode 
negative elements. The negative elements inhibit the activities of the positive elements. 
Phosphorylation of the negative elements causes their eventual degradation and the 
positive elements restart the cycle. b–f) The components vary in different organisms, 
such as in cyanobacteria (b), Neurospora crassa (c), flies (d), mammals (e) and birds (f). 
Figure from (Bell-Pedersen et al., 2005) 
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Figure 2. The molecular clockworks and melatonin biosynthesis in avian 
pinealocytes.  
After translation, positive elements CLOCK and BMAL1 enter the nucleus and activate 
expression of genes with E-Box in promotor area, including  the negative elements 
period 2 & 3 (pers 2&3) and cryptochromes 1& 2 (crys 1&2), Rev-Erbα and Rora.  These 
genes form a secondary loop regulating Bmal1 transcription, and other outputs,  for 
example, clock-controlled genes such as arylalkylamine-N-actyltransferase (aanat). After 
translation, the pers and crys form heterodimers and reenter the nucleus to interfere with 
CLOCK/BMAL1 activation. In melatonin biosynthesis, amino acid tryptophan is 
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converted to 5-hydroxytryptophan by tryptophan hydroxylase (TrpH). Aromatic amino 
acid decarboxylase (AAADC) then converts 5-hydroxytryptophan to 5-hydroxytryptamine 
(5HT; serotonin), Then, during the night, AANAT converts 5HT to N-acetylserotonin, and 
then N-acetylserotonin is converted to melatonin by hydroxyindole-O-methyltransferase 
(HIOMT).  
Figure from (Vincent M. Cassone, 2014) 
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Rationale, Overall Hypothesis and Specific Aims 
 
The culture of pineal cell is a great model in studying circadian rhythm in that it has all 
the components of a circadian system: 1) an endogenous oscillator which persists in 
constant conditions, 2) an input of light by which the endogenous oscillator can be 
entrained, and 3) an output of melatonin rhythm. The endogenous oscillator is highly 
conserved in phyla, including chickens, consisting of several core clock genes, which 
form a transcriptional/ translational loop to maintain the oscillation of clock controlled 
genes and then the overall circadian rhythm. There was also evidence showing that in 
chicken, SCN inhibited the activities of pineal gland by NE during the subjective days, 
and pineal gland inhibited the activity of SCN by melatonin during the subjective nights. 
In vivo, NE administering recovered the damped rhythm coming from SCG lesion which 
disconnected the pineal from SCN. Together with the eyes, SCN and pineal gland 
consist of a neural feedback loop in the physiological level to prevent the damping of 
these oscillators (SCN and pineal gland), which damp when they are isolated from each 
other. However, in vitro studies showed that NE were not able to change the phase of 
the internal clock in cultured pineal cells, raising the question of how SCN regulates 
melatonin rhythm of pineal gland without changing its rhythm. More importantly, what 
role do clock genes play in regulation of output when an external input of different 
phases affects output without synchronizing the internal clock (i.e. the clock genes).  
The overall aim of this dissertation was to study how a neural input (NE) regulated a 
hormone output (melatonin) in cultured pineal cells, a complete circadian system in vitro, 
and what was the function of internal clock (clock genes) in this regulation. The working 
hypothesis was that clock genes were not synchronized by NE, but instead gated the 
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response of pineal cells to NE. Furthermore, data showed that the microenvironment of 
pineal cells affected the amplitude of melatonin rhythm, indicating that the output of a 
circadian system could be regulated in different ways.  
This work will be laid out in the following aims: 
Specific Aims 
I. The initial working hypothesis tested was that the melatonin rhythm of cultured pineal 
cells damped out in constant darkness in vitro as in vivo; NE administering inhibited the 
melatonin production, and daily NE administering recovered the damped melatonin 
rhythm in constant darkness. To test this hypothesis, the following experiments were 
performed: 
 Develop a superfusion system in which the melatonin output of cultured pineal 
cells can be measured with high time resolution in real time. 
 Develop a costumized ELISA to measure melatonin output. 
 Culture the dispersed pineal cells on the superfusion system, measure the 
melatonin output in light/dark cycle and constant darkness, and evaluate the 
damping of melatonin rhythm. 
 Evaluate the recovering of damped melatonin rhythm by daily NE administration. 
II. The second hypothesis tested was that the internal clock regulated the recovery effect 
of NE administration. To test this hypothesis, the following experiment was performed: 
 Evaluate the amplitude of recovered melatonin rhythm by NE administration at 
different circadian times. 
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III. Based on results from the above experiments, the third hypothesis tested was that 
NE recovers the damped melatonin rhythm by regulating the gene expression of clock 
genes. To test this hypothesis, the following experiment was performed: 
 Compare the transcription of 40 candidate genes including clock genes of daily 
NE administered pineal cells with that of untreated cells in a timeline of two days 
in constant darkness, using Nanostring technique for mRNA detection. 
IV. The data gathered helped the evolution of hypothesis III. The new hypothesis 
examined was that NE recovered the damped melatonin rhythm by down-regulating and 
up-regulating the expression of adenylate cyclase 1 and phosphodiesterase 4D  
respectively in a timeline. To test this hypothesis, the following experiment was 
performed: 
 Evaluate the gene expression of adenylate cyclase 1 and phosphodiesterase 4D 
using western blot. 
The four aims mentioned above constitute Chapter 2, Chapter 3, and Chapter 4 of 
this dissertation. 
V. In order to understand the effect of culture conditions on melatonin production in 
pinealocytes, the hypothesis that different growth statuses of cultured pineal cells 
affected melatonin rhythmicity was tested. The following experiment was performed: 
 Culture the same amount of dispersed pineal cells in different densities for 5 
days, and then load the cells of different densities on a superfusion system to 
measure their melatonin outputs in constant darkness. 
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VI. Based on the results from the above experiment, the hypothesis that gap junctions 
contribute to the different melatonin amplitudes caused by cell densities was tested. The 
following experiment was carried out:  
 Evaluate the melatonin amplitudes of two densities of cultured pineal cells with or 
without connexin blocker cabenoxolone in constant darkness. 
VII. The data from the above experiment led to the hypothesis that higher calcium ion 
was maintained in higher densities of cultured cells, which led to higher amplitude of 
melatonin rhythm. The following experiment was performed: 
 Evaluate the calcium concentration using calcium-imaging technique in different 
densities of cultured pineal cells. 
VIII. In order to find out the possible mechanisms other than cell contact, the hypothesis 
that diffusible signals, such as melatonin, VIP, and potassium ion, contributed to 
melatonin amplitudes of different densities of cells was tested. The following experiment 
was performed: 
 Evaluate the effect of melatonin, luzindole, VIP, and potassium ion on melatonin 
amplitudes of different densities of cells by adding the melatonin, luzindole, VIP 
antibody, and potassium to the superfusion system and then compare the 
melatonin amplitudes to control groups. 
The four aims mentioned above constitute Chapter 5 of this dissertation. 
Copyright © Ye Li 2016 
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Chapter 2: Compact multiple channel fraction collector 
2.1 Background 
Perfusion system of living cells/tissue is a powerful tool in biological, medical and 
pharmaceutical studies because it offers a real-time way to evaluate how cell/tissue 
responses to different stimulations such as chemicals, drugs, electronic or light signals 
by monitoring the cell/tissue output such as metabolites and hormones.  
A perfusion system generally consists of a pump, a cell/tissue culture system and a 
collector. The pump will push the culture medium flowing through the cultured 
cells/tissues, and the medium with the metabolites and/or hormones release by the 
cells/tissues will be collected by the collector. The different stimulations, for example 
chemicals or drugs, can be administrated as inputs into the culture medium, causing the 
alteration of the metabolites and/or hormones production in the cells/tissues. This kind of 
alteration can indicate the response of the cells/tissues to the stimulation of the 
chemicals/drugs. 
There are two solutions of a perfusion system. One is an integrated system which 
includes the pump, the cell culture system and the collector for tissue culture. Nowadays, 
there are some integrated perfusion systems commercially available. However, these 
products are either very expensive, hard for maintenance, and/or provide less freedom 
for researchers of different research areas to develop new features, and thus have 
limited applications. The other solution is that researchers combine different pumps, 
culture systems and collectors to build the perfusion system which best fit their own 
requirement. This solution is generally cheaper and more flexible and thus broadly 
adopted. Nevertheless, most of the commercial available fraction collectors are 
developed originally for chemistry study, and generally don’t support multiple channels. 
 
47 
 
In addition, they are huge and expensive in most of cases, making it difficult and costly 
to integrate them with cell/tissue culture system. For example, the multi-channel 
chamber slides offer great solutions for the cell culture system but don’t have a good 
collector matching it, which is the major limitation for the application of multi-channel 
chamber slides. 
2.2 Method and materials 
To reduce the expenses and broaden the applicable areas, this utility offers a simple, 
compact and low-cost collector, which fits the requirements from different research areas. 
A motor, a steel rod and a bracket are seated on a plastic base. A platform can be 
moved backward or forward on the base by a belt which is driven by the motor. The steel 
rod along the movement direction of the platform goes through a hole on the platform to 
make the movement steady on the base.  The platform could hold four 96-well plates, 
offering 12 channels with 24 time points of collection. The bracket over the platform 
supports the cultured cells and the medium flowing through the cultured cells will be 
dropped into the 96-well plates. The movement of the platform driven by the motor is 
controlled by a PC through an uln2003 chip.  
The necessary components are showed in Figure 3: the plastic base (1) accommodates 
the stepper motor (2), the bracket (3) and the steel rod (6) to be fixed. The platform (5) 
holding the collecting 96-well plates (8) can move forward and back along the steel rod 
(6) driven by the stepper motor (2) through the belt (4). The program in the PC controls 
the stepper motor (2) through the electric circuit (7). The cells or tissues are raised in the 
ibidi slide (9) which seats on the bracket (3); the medium from the input tubing (a) flows 
through the ibidi slid (9), came out from the output adaptor (b) and then dropped into the 
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96-well plates (8). Drugs can be administrated on the cells/tissues through drug 
administration adaptor (c) if necessary. The input tubing (a), the output adaptor (b), the 
drug administration adaptor (c) and the chamber slides (9) are all commercial available 
parts which will be built on customer’s demand. 
In figure 4, the stepper motor (2) and the steel rod (6) are fixed on the base (1). The 
steel rod (6) crosses the platform (5) through a hole on it so that the platform (5) moves 
along the steel rod (6); the contact surface between the platform (5) and the base (1) is 
smooth so that the platform is able to slide on the base (1) freely. The belt (4) is a closed 
loop circled on the axle of the stepper motor (2) and a shaft of the base (1). The platform 
(5) is tied to the belt (4) so as when the stepper motor rotates the platform moves 
together with the belt. 
Figure 5 demonstrate the circuit diagram of the electric circuit (7) in figure 3. DB25 is a 
plug which connects the circuit to the PC. ULN 2003 is a commercial available controller 
which controls Unipolar Stepper Motor via 5 wires with different colors. 
2.3 Result 
Figure 6 is the prototype of the collector. The collector is able to collect 12 channels of 
the outputs from two 6-channel chamber slides. The collector holds four 96-well plates, 
sampling 24 time points. The minimal interval of sampling is 2 seconds. The sampling 
interval is usually set to 1 hour for a 24-hour sampling period.  
2.4 Discussion 
First, the compact designed collector lowers the cost because it can be fitted in most of 
commonly used incubators. The incubators offer the cultured cells proper temperature, 
humidity and CO2 concentration, so researches can maintain the cells in a regular way 
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without extra cost. In addition, the compact design offers researchers enough space in 
the incubator to build up perfusion system for their own research. The bracket on the 
collector provides flexibility to accommodate different culture systems. Therefore the 
researchers can adopt different cell culture system such as chamber slides, modified 
petri dish, or syringe filter to raise their cells, depending on their own research design. 
Thirdly, the bracket on the collector allows the cultured cells to be very close to the 
platform so as to reduce the time lag of the output, which is important for the accuracy of 
real-time measurement. Fourthly, the simple design does not produce much heat to 
disturb the constant temperature in incubators, while most of commercial collectors have 
this issue and thus is not applicable to be held in incubators. Fifth, the collector uses 96 
well plates to store the samples, which is compatible for the following analysis, such as 
ELISA. Finally, the simple design makes it easy to be produced by the manufacturer. 
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2.5 Figures and Materials 
 
Figure 3. Introduction of the collector 
1, Base; 2, stepper motor; 3, bracket; 4, belt; 5, platform; 6, steel rod; 7, electric circuit; 8, 
96-well plates; 9, ibidi slides; a, input tubing ; b, output adaptor; c drug administration 
adaptor (optional). 
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Figure 4.Elevation of the collector (without presence of bracket) 
1, Base; 2, stepper motor; 4, belt; 5, platform; 6, steel rod. 
 
Figure 5.Details of electric circuit.  
PC is connected by DB25 connector. DB25 conducts signals from PC to Unipolar 
Stepper Motor through ULN2003 chip. 
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Figure 6. Prototype of the collector 
1, Base; 2, stepper motor; 3, bracket; 4, belt; 5, platform; 6, steel rod; 7, electric circuit; 8, 
96-well plates; 9, multi-channel chamber slides. 
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Chapter 3: A simple, specific high-throughput enzyme-linked immunosorbent 
assay (ELISA) for quantitative determination of melatonin in cell culture medium 
3.1 Abstract 
A simple, specific high-throughput enzyme-linked immunosorbent assay (ELISA) for 
quantitative determination of melatonin was developed for directly measuring melatonin 
in cell culture medium with 10% FBS. This assay adopts a commercial monoclonal 
melatonin antibody and melatonin-HRP conjugate, so it can be applied in multiple labs 
rapidly with low cost compared with commercial RIA and ELISA kits. In addition, the 
procedure is much simpler with only four steps: 1) sample/conjugate incubation, 2) plate 
washing, 3) TMB color reaction and 4) reading of results.  The standards of the assay 
cover a wide working range from 100pg/ml to 10ng/ml. The sensitivity was 68pg/ml in 
cell culture medium with 10% FBS and 26pg/ml in PBS with as little as 25μL sample 
volume. The recovery of melatonin from cell culture medium was 101.0%. The principal 
cross-reacting compounds were 5-Methoxytryptophol (0.1%). The variation coefficients 
of the assay, within and between runs, ranged between 6.68% and 15.76% in cell 
culture medium. The mean linearity of a series diluted cell culture medium sample was 
105% (CV=5%), ranging between 98% and 111%, y = 5.5263x + 0.0646, R² = 0.99. This 
assay is able to measure melatonin in PBS, so melatonin from other biological fluids 
such as serum or tissue can be measured after extraction and concentration in PBS. 
Keyword: Melatonin, ELISA, melatonin-HRP conjugate, chicken pineal 
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3.2 Introduction 
Melatonin, an important hormone involved in the regulation of circadian and seasonal 
rhythms in vertebrates, is a direct output of circadian oscillators within the retinae and 
pineal gland (V. M. Cassone, 1998).  In non-mammalian vertebrates such as birds and 
lizards, pineal melatonin is critical for the expression of overt circadian rhythms of 
behavior and physiology. There is extensive evidence that melatonin is also important in 
mammalian sleep: wake cycles. In seasonally breeding mammals, the hormone is critical 
for the transduction of photoperiodic information in the seasonal control of gonadal 
function (Arendt, 1998, 2005; V. M. Cassone, 1998), as well as seasonal control of 
birdsong and migration in passerine birds (McMillan, 1972; Wang, Harpole, Paulose, & 
Cassone, 2014; G. Wang, C. E. Harpole, A. K. Trivedi, & V. M. Cassone, 2012).  
Melatonin is synthesized in pinealocytes in the pineal gland and in retinal photoreceptors 
(Wiechmann, 1986). These cells take up the amino acid tryptophan (TRP) and convert 
TRP to 5-hydroxytryptophan (5HTRP) through the action of tryptophan hydroxylase 
(TrH; EC 1.14.16.4). Then, aromatic amino acid decarboxylase (AAADC; EC 4.1.1.28) 
converts 5HTRP to 5-hydroxytryptamine (serotonin). With the action of aryl alkyl amine 
N-acetyl-transferase (AANAT; E.C.2.3.1.87), serotonin is converted to N-acetylserotonin, 
which is finally converted to melatonin via hydroxyindole-O-methyltransferase (HIOMT; 
E.C.2.1.1.4).  
The chick pineal gland has been used as a model system for studying the generation of 
circadian rhythms (Agapito, Pablos, Reiter, Recio, & Gutierrez-Baraja, 1998; Barrett & 
Takahashi, 1995, 1997; Earnest & Cassone, 2005; Faluhelyi & Csernus, 2005; 
Nakahara, Murakami, Nasu, Kuroda, & Murakami, 1997; Rekasi, Horvath, Klausz, Nagy, 
& Toller, 2006; Robertson & Takahashi, 1988; Robertson, Takahashi, & 1988; J S 
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Takahashi, Hamm, & Menaker, 1980). Chick pineal cells synthesize melatonin 
rhythmically in organ and cell culture (S. A. Binkley, Riebman, & Reilly, 1978; T. 
Deguchi, 1979a; Kasal, Menaker, & Perez-Polo, 1979; Murakami, Nakamura, Nishi, 
Marumoto, & Nasu, 1994). The production/secretion of melatonin by pineal cells in vitro 
is rhythmic in both light/dark cycles and in constant environmental lighting conditions, 
with melatonin peaking in the night or dark phase. The melatonin rhythm from cultured 
pineal cells is acutely responsive to light and is entrained by light: dark cycles (J. S. 
Takahashi et al., 1989; Martin Zatz, Deborah A. Mullen, & Joseph R. Moskal, 1988). 
Therefore, the chick pineal gland remains an excellent experimental model for circadian 
rhythms, which directly perceives light as an input, contains a circadian clock and 
rhythmically releases melatonin as an output. Dispersed pineal gland cells in static 
culture and perfusion systems as models are able to facilitate the studies of the 
mechanism underlying circadian rhythm phenomena.  
Analytical chemical methods of melatonin determination such as gas chromatography–
mass spectrometry (GC–MS) and high performance liquid chromatography (HPLC) 
require a high cost of apparatus, complex sample preparation, large sample volume, and 
are not suitable for measuring large numbers of samples (Cattabeni, Koslow, & Costa, 
1972; Goldman, Hamm, & Erickson, 1980; Lewy & Markey, 1978). In contrast, a number 
of radio- (RIA) and enzyme immunoassay (ELISA) methods have been developed to 
enable endocrinologists to process many biological samples (Arendt, Paunier, & 
Sizonenko, 1975; Kennaway, Frith, Phillipou, Matthews, & Seamark, 1977; Levine & 
Riceberg, 1975; Manz et al., 1989; Vaughan, 1993). In RIAs, an anti-melatonin antibody 
is typically mixed with samples or standards, and radioactively labelled ([125I] or [3H]) 
melatonin or a melatonin analog is used as tracer to compete for anti-melatonin antibody 
binding. The antibody binding melatonin and radioactive tracer is then precipitated for 
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measurement of radio
more the cold melatonin in samples binds the antibody, the fewer binding sites are 
available to the tracer, and therefore the less radioactivity will be read.  RIA is widely 
used because it is sensitive, and the procedure is relatively simple; however, the RIA is 
also expensive and the potential health risks for researchers and students preparing and 
handling the radioactive antigen are not trivial.  
Enzyme-linked immunosorbent assays (ELISA) employ antibodies and colorimetric 
enzymes(Lequin, 2005). The enzymes catalyze color reactions with an enzyme-specific 
chromogen as an indicator. ELISA is simple to perform, and the reagents are relatively 
inexpensive. There are different forms of ELISA, such as direct ELISA, indirect ELISA, 
competitive ELISA and sandwich ELISA(Gan & Patel, 2013). In direct ELISA, the antigen 
is attached to a solid phase and is recognized by an enzyme labeled antibody. In indirect 
ELISA, the antigen is also attached to a solid phase, but it is recognized by an unlabeled 
primary antibody and detected with an enzyme-labeled secondary antibody directed 
against the primary antibody. Competitive ELISA involves the simultaneous addition of 
'competing' antibodies or proteins in different ways. In sandwich ELISA, capture 
antibodies are attached to a solid phase to capture the antigen, and then a specific 
antibody is added to detect the antigen, forming a sandwich structure. The specific 
antibody can be enzyme labeled or can be detected by an enzyme-labeled antibody.  
ELISA is specific and sensitive for melatonin measurement (Middleton, 2013; Tan, Zhou, 
Luo, Liang, & Xia, 2013). However, commercial ELISA kits are usually very expensive 
and therefore not suitable for high throughput measurement. Customized melatonin 
ELISAs usually involves development of melatonin antibodies and melatonin conjugates, 
which are generally non-trivial to produce and/or unavailable for most researchers.  
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Therefore, we developed an easy and direct ELISA based on a readily available 
commercial supply of a monoclonal melatonin antibody and a melatonin-horseradish 
peroxidase (HRP) conjugate, which is available and convenient to most of the 
researchers. Our ELISA is a competitive ELISA in which the melatonin antibody is 
coated on 96-well plates as the solid phase, and the enzyme-labeled melatonin is mixed 
with sample melatonin to compete for the antibody. The ratio of sample melatonin versus 
enzyme-labeled melatonin determines the intensity of the color reaction.  The assay can 
directly measure melatonin in cell culture medium and PBS, and, potentially, melatonin 
can be detected from other biological fluids after extraction and reconstitution in PBS.  
3.3 Materials and methods 
3.3.1 Samples 
Pineal cells were cultured as described in previous studies with minor 
modification (Earnest & Cassone, 2005; Karaganis et al., 2008; Robertson & Takahashi, 
1988; Robertson et al., 1988). Briefly, pineal glands were collected from embryonic day 
21 chick (Gallus gallus domesticus) brain as previously described (Karaganis et al., 
2008). The pineal glands were transferred to sterile Dulbecco’s phosphate-buffered 
saline (PBS) with D-glucose (1.8%), and digested by 0.25% trypsin (10 pineals/mL of 
trypsin) for 30 min with trituration every 10 min. The debris was removed and then the 
dispersed cells were spun down for 10 min at 1000 g. The pellet was re-suspended to 4 
pineal/mL (106 cells/mL) in M-199 medium with 10% FBS, 10% Chicken Serum and 1% 
Penicillin/Streptomycin. 30 µL of the cells were loaded into one channel of the 6-channel 
multi-well slide (IBIDI Cat.80606) and cultured for 3 days. The IBIDI slide was loaded on 
the customized perfusion system for 6 days either under 6 days under light/dark cycle 
(LD) or 3 days under light/dark cycles followed by 3 days in constant darkness (DD). The 
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samples with melatonin from the pinealocytes were collected every hour and then 
measured by the ELISA. 
3.3.2 Plate preparation 
Monoclonal melatonin antibody (CalBioreagents, Inc, California, USA) was diluted 
(0.5μg/ml) in Plate Coating Buffer (ph7.4 PBS with 5% sucrose) and then loaded as 50μl 
antibody solutions per well of the 96-well plates (15041, Thermo Pierce, Rockford, USA).  
The plates were kept in 4C◦ overnight (12~20hrs). On the second day, the antibody 
solution was removed and rinsed with 300μl of washing buffer (ph7.4 PBS with 0.5% 
Tween 20) in each well for 4 times. Then the plates were blocked with 50μL of Protein-
Free (PBS) Blocking Buffer (37516, Thermo Pierce, Rockford, USA) and incubated at 
4C◦ for 1~2hr. After removing the blocking buffer, the plates were rinsed 2 times with 
washing buffer and placed under vacuum for drying. Then the plates are ready to use or 
store. Stored at 4C◦ in a vacuum storage cabinet (3164, Desi-Vac, VWR, Radnor, USA) 
with desiccant, the plate can be kept 1 month.  
3.3.3 Assay procedure 
A stock melatonin (M-5250, Sigma-Aldrich, St. Louis USA) standard of 1 mg/mL was 
prepared by dissolving 10 mg melatonin in 100μL Dimethyl sulfoxide (DMSO, D2650 
Sigma-Aldrich, St. Louis, USA) first and then in 9.9ml PBS. The stock solution was 
further diluted with PBS or cell culture medium (M-199, M7528, Sigma-Aldrich, St. Louis, 
USA) to give 6 individual standards ranging from 50 pg/mL to 10,000 pg/mL. 25 μL of the 
melatonin calibrators or experimental samples were loaded respectively into each well of 
the plate, followed by 25μL of Mel-HRP (1:2000 dilution in PBS, CalBioreagents, Inc 
California, USA). Then the plate was incubated at 4°C for 3 hrs. The plate was emptied 
and 50 μL of TMB solution were added into each well for 15 min after the plates were 
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washed for 4 times with washing buffer. The color reaction was ceased by 50 μL stop 
solution (50-85-06, Kpl Inc, Maryland, USA). OD readings were recorded at 450 nm 
wavelength by a plate reader (iMark, Biorad, California, USA).  
3.3.4 Data Analysis 
All data were presented as means, standard deviation (SD), and coefficients of variation 
(CV). Curve fitting programs (4-parameters) from the plate reader software (Microplate 
Manager 6, Biorad, California, USA) are described in the user manual. Linear regression 
and EC50 were analyzed by Sigmaplot12.3 (Systat Sofware, Inc.). All the plots were 
created also in Sigmaplot12.3. Time course data for validation were subjected to cosinor 
analysis utilizing linear harmonic regression (CircWave software) (Oster, Damerow, Hut, 
& Eichele, 2006).  
3.4 Results 
3.4.1 Antibody titration 
The optimum amount of melatonin antibody immobilized on the plates was determined 
from dilution curves (Figure 7). Figure 7 shows the dilution curves for each dilution of 
melatonin antibody in cell culture medium (M-199 w/ 10% FBS).  Although the estimated 
concentrations at 50% maximal binding, EC50, was very similar in each curve, 0.5μg/mL 
dilution was selected as a compromise between the highest absorption and the lowest 
possible concentration of antibody. 
3.4.2 Analytic sensitivity 
The analytical sensitivity or lower limit of detection (LOD) of the assay was determined 
by the absorbance of the minimum concentration (-2 SD) that did not overlap with the 
absorbance of zero concentration (2 SD). The sensitivity (defined as the lowest 
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detectable amount of melatonin) was 68pg/mL in cell culture medium and 26pg/mL in 
PBS with as little as 25μL sample volume.  
3.4.3 Recovery 
Culture medium (M-199 with 10% FBS) was enriched with different amounts of 
melatonin (0, 75, 150, 250, 750, 2000, and 10000 pg/mL). The analytical recoveries 
were estimated at six different concentrations by using the expected and measured 
values. The mean recovery for all concentrations was 101.0% (CV=7.5%), ranging 
between 91.0% and 109.0%, y=1.071x−56.4,R2=0.99 (Table 1). 
3.4.4 Specificity 
Compounds with chemical structures related to melatonin were investigated to 
determine possible interferences as shown in Table 2 and Figure 8. The principal cross-
reacting compound was 5-Methoxytryptophol (0.1%). 
3.4.5 Precision 
Assay precision was measured at three samples of low, middle and high concentrations. 
Inter-assay-precision was analyzed by comparing ten different assay runs (Table 3). 
Intra-assay-precision was measured (n=20) within one plate. Three pooled samples at 
different concentrations (low, middle and high) were used as controls. 
 
3.4.6 Linearity 
Series dilution of samples was done with cell culture medium. The melatonin 
concentrations for all dilutions were measured and analyzed by regression analysis. The 
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mean linearity for cell culture medium was 105% (CV=5%), and ranged between 98% 
and 111%, y = 5.5263x + 0.0646, R² = 0.99. 
3.4.7 Melatonin rhythm of chicken pineal cells from a perfusion system 
Melatonin concentration of samples from 6 channels of cultured pineal cells in 6LD or 
3LD3DD experiments were measured every two hours and plotted in a time line (Figure 
9A, B). In light: dark cycles, the melatonin rhythm from cultured pineal cells was rhythmic 
(period= 24 hours, p<0.05 by Circwave) and robust. Once in constant darkness, the 
melatonin rhythm damped out in two cycles (Not significantly rhythmic by Circwave). 
3.5 Discussion 
Here we report a simple, specific high-throughput ELISA for quantitative determination of 
melatonin in cell culture medium and PBS. This assay is suitable for batched sample 
measurements with a wide working range of melatonin concentrations, high precision 
and linearity, and low cross reactivity.  
The antibody titer for this ELISA is about 1/10000, depending on the batch of production. 
Usually, a lower titer of antibody gives better sensitivity. But as a commercial monoclonal 
antibody, the titer is not comparable to those with the antiserum polyclonally in animals, 
e.g. 1/500(Adrendt, Wetterberg, Heyden, Sizonenko, & Paunier, 1977), 1/2000(Geffard, 
Puizillout, & Delaage, 1982), 1/4000(Wurzburger, Kawashima, Miller, & Spector, 1976), 
1/5000(Welp, Manz, & Peschke, 2010). The sensitivity of this ELISA (10pg/mL level) is 
not as high as those assays (0.1pg/mL to 1pg/mL), but this is not an issue in pineal 
culture experiments. The sensitivity differences might derive from the properties of the 
antibody. However, the antibody of our assay provides a wide working range (68pg/mL 
to 10ng/mL in M-199 with 10% PBS), and is therefore able to reliably measure melatonin 
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in cell culture medium (usually about 100pg/mL to 10ng/mL) without sample dilution. In 
addition, the assay adopts melatonin-HRP as the tracer, which saves time and simplifies 
the procedure, so it’s suitable for the batched sample measuring. However, the 
simplified steps also sacrifices sensitivity, because the signal is not amplified as in 
common methods which adopt the biotin-streptavidin amplification system. 
This assay has high specificity. The major cross-reacting compound is 5-
methoxytryptophol (0.1%). The high specificity of the antibody may come from the 
antigen used to produce the antibody, which is produced by the melatonin conjugated 
BSA as antigen. This is different from common methods in which melatonin derivative 
conjugates are used as the antigen, e.g. N-acetyl-5-methoxytryptophan (Vakkuri, 
Leppaluoto, & Vuolteenaho, 1984), N-acetyl serotonin (Kennaway et al., 1977), or 5-
methoxytryptamine(Manz et al., 1989; Welp et al., 2010).  
The main advantage of this assay is that it’s direct and simple. First, the working range 
covered the melatonin concentrations of the outputs from cell culture, so the sample can 
be directly loaded to the assay without dilution or any other processes. In addition, the 
plates can be prepared in batches and stored in compact stacks, which saves 
experimental time, labor and space. Users could prepare enough plates for high 
throughput samples. Furthermore, the measuring procedure is simplified to four steps: 1) 
sample/conjugate incubation (incubating for only 3 hrs), 2) plate washing, 3) 
tetramethylbenzidine (TMB) color reaction and 4) results reading. In the first step, the 
competitor melatonin labeled with HRP was mixed with samples at the same time. 
Therefore, there is only one step before the color reaction, which saves time and labor 
for batched sample processing. In addition, the assay requires as low as 25μL of 
sample, potentially the sensitivity can be higher with a larger volume. 
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Many published methods of melatonin RIA or ELISA involve developing antibodies and 
radiation or enzyme linked tracer, which are actually non-trivial for general lab use 
(Adrendt et al., 1977; Chegini, Ehrhart-Hofmann, Kaider, & Waldhauser, 1995; 
Kennaway et al., 1977; Welp et al., 2010; Wurzburger et al., 1976; Yamada, Chiba, 
Amano, Iigo, & Iwata, 2002; Yie, Johansson, & Brown, 1993). On the other hand, 
commercial products in which the antisera are already produced are usually very 
expensive. This assay could be conducted easily and quickly under general research or 
teaching laboratories. All the supplies necessary in this assay are listed in table 4.  
The data obtained using this assay are consistent with published results. We measured 
the melatonin rhythm of cultured pineal cells under light: dark cycles and constant 
darkness. In light: dark cycles the rhythm is robust and in constant darkness, the rhythm 
damps out. These data are consistent with previous studies but with a better temporal 
resolution (Robertson & Takahashi, 1988; Robertson et al., 1988; Martin Zatz et al., 
1988). The results obtained show that the ELISA is applicable in high throughput 
measuring of melatonin from cultured pineal cells. 
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Table 1. Recovery 
Expected (added)[pg/mL] 
Measured by 
ELISA[pg/mL] Recovery [%] 
10000 10700±541 107 
2000 1827±70 91.4 
750 823±39 109.7 
250 267±43 106.8 
150 136±15 90.7 
75 76±12 101.3 
0 7±16 -- 
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Table 2.  Cross reactivity determined by comparing the dilution curves of the 
eight indole compounds with those of melatonin. 
Compounds Cross reaction [%] 
Melatonin 100 
5-Methoxytryptophol 0.1 
5-Hydroxytryptophol 0.03 
N-acetyltryptamine 0.03 
N-Acetyl-5-hydroxytryptamine 0.02 
5-Methoxy-DL-tryptophan 0.001 
Serotonin <0.001 
DL-Tryptophan <0.001 
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Table 3.  Intra- and inter-assay-precision for three concentrations of melatonin 
samples. 
  Mean±SD [ng/mL] CV [%] 
Inter-assay-precision, n=10 
  Low concentration 0.58±0.09 15.76 
Middle concentration 1.30±0.11 8.51 
High concentration 2.20±0.35 15.68 
   Intra-assay-precision, n=20 
  Low concentration 0.66±0.10 15.64 
Middle concentration 1.91±0.20 10.48 
High concentration 4.74±0.32 6.68 
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Table 4. Order List 
Name Company Cat # 
Number 
of 
Samples 
Melatonin monoclonal antibody Calbioreagents M467 40000 
Melatonin-HRP Calbioreagents C063 9600 
96 Well Plates Thermo Pierce VWR PI15041 9600 
Protein-Free (PBS) Blocking 
Buffer VWR PI37516 10000 
TMB VWR PI34028 2500 
Stop Solution  VWR 
95059-
198 4000 
Plates Sealer VWR 
53515-
986 4800 
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Figure 7. Dilution curves of melatonin antibody 
Dilution curves of melatonin antibody ranging from 0.125ug to 1ug were applied in 
coating the plates. Standard curves were plotted for determining the optimal 
concentration for coating, the reading of blank is not show on the plot because of the 
log-scale of X axis.  
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Figure 8.  The dilution curves of the seven melatonin analogues with melatonin.  
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Figure 9.A. Melatonin output profile (n=6) for 6 days under light/dark cycles.  
The white bars indicate 12 hours lights on; the black bars indicate 12 hours dark. 0 
indicates time of lights on, 12 indicates time of lights off. The time interval between 
consecutive points is 2 hours. B. Melatonin output profile (n=6) under 3 light/dark cycles 
and 3 days in constant darkness. Hatched bar indicates constant darkness. 
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Chapter 4: Clock-controlled Regulation of the Acute Effects of Norepinephrine in 
Chick Pineal Melatonin Rhythms 
4.1 Abstract 
The chicken pineal gland synthesizes and releases melatonin rhythmically in light /dark 
(LD) cycles, with high melatonin levels during the dark phase, and in constant darkness 
(DD) for several cycles before it gradually damps to arrhythmicity in DD. Daily 
administration of norepinephrine (NE) in vivo and in vitro prevents the damping and 
restores the melatonin rhythm. To investigate the role of the circadian clock on melatonin 
rhythm damping and of its restoration by NE, the effects of NE administration at different 
phases of the melatonin cycle revealed a robust rhythm in NE-sensitivity in which NE 
efficacy in increasing melatonin amplitude peaked in late subjective night and early 
subjective day, suggesting a clock underlying NE-sensitivity. However, NE itself had no 
effect on circadian phase or period of the melatonin rhythms.  Transcriptional analyses 
indicated that even though the rhythm of melatonin output damped to arrhythmicity, 
mRNA encoding clock genes gper2, gper3, gBmal1, gclock, gcry1 and gcry2, enzymes 
associated with melatonin biosynthesis, and enzymes involved in cyclic nucleotide 
signaling remained robustly rhythmic. Of these, only gADCY1 (adenylate cyclase 1) and 
gPDE4D (cAMP-specific 3’,5’-cyclic phosphodiesterase 4D) were affected by NE 
administration at the mRNA levels, and only ADCY1 was affected at the protein level. 
The data strongly suggest that damping of the melatonin rhythm in the chick pineal gland 
occurs at the post-transcriptional level, and that a major role of the clock is to regulate 
pinealocytes’ sensitivity to neuronal input from the brain. 
4.2 Introduction 
The avian pineal gland is an ideal model for the study of circadian rhythmicity in that it 
displays the properties of a complete circadian system; 1) it is light-sensitive, capable of 
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entraining to environmental light cycles; 2)  it expresses an endogenous oscillation, and 
3) it rhythmically releases the hormone melatonin as its output in vivo and in vitro (D. C. 
Klein et al., 1997; Natesan et al., 2002). The gland expresses multiple opsin 
photopigments (Okano & Fukada, 1997), including pinopsin (Max et al., 1995; Okano et 
al., 1994), melanopsin (Bailey & Cassone, 2005; Chaurasia et al., 2005), and others, 
depending on the species (Okano & Fukada, 1997). In addition, the flavin-based 
cryptochrome of birds may itself be photoreceptive (Bailey, Chong, Xiong, & Cassone, 
2002; Mouritsen & Hore, 2012; Watari et al., 2012). Three enzymes involved in 
melatonin synthesis pathway are regulated in a circadian pattern at the transcriptional, 
translational and post-translational levels, such that tryptophan hydroxylase (TrH) 
(Chong, Cassone, Bernard, Klein, & Iuvone, 1998; Florez, Seidenman, Barrett, 
Sangoram, & Takahashi, 1996) and arylalkylamine N-acetyl-transferase (AANAT) 
(Bernard, Klein, & Zatz, 1997) are expressed during the night in LD and subjective night 
in constant darkness (DD), while hydroxyindole-O-methyltransferase (HIOMT) is 
expressed during the day and subjective day respectively (Bernard et al., 1993). 
The molecular mechanism underlying circadian rhythms is highly conserved among 
animal phyla, consisting of a transcriptional feedback loop of positive and negative 
elements (Bell-Pedersen et al., 2005; Buhr & Takahashi, 2013). In vertebrates, the 
positive elements include the PAS-domain helix-loop-helix transcription factors Bmal1 
and clock. Their proteins BMAL1 and CLOCK form a heterodimer in the cytoplasm that 
reenters the nucleus and binds to an E-box sequence (-CACGTG-) in the promotor 
regions of many genes and activates the expression of the negative elements as well 
other clock-controlled genes (CCGs). The negative elements, per and cry, form a 
feedback loop in which the PER and CRY proteins form heterodimers in the cytoplasm 
and reenter the nucleus to interfere with the activation of the BMAL1/CLOCK dimer. 
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There are multiple additional feedback loops, including one with Rev-Erb and RORs, 
which inhibit or activate the expression of Bmal1, respectively. The transcriptional 
feedback loop of clock genes leads to a rhythmic expression of both clock genes and 
downstream clock-controlled genes (CCGs), such as Aanat, TrH and HIOMT along with 
many other CCGs. The chicken pineal gland rhythmically expresses most of these clock 
and melatonin biosynthesis genes in vivo and in vitro (Bailey et al., 2003; Karaganis et 
al., 2008).  
Although it is clear the chick pineal gland contains a photoreceptive circadian oscillator, 
in the absence of either photic or neural input, the melatonin rhythm damps after 2-6 
cycles in DD (Robertson & Takahashi, 1988; Robertson et al., 1988; J S Takahashi et 
al., 1980). The reasons for this damping are not clear. Damping may derive from the 
oscillatory mechanism in each cell declining in amplitude and/or may derive from 
multiple oscillators within the gland drifting out of phase with one another. At least two 
signals (light and norepinephrine) can reverse the damping of pineal melatonin rhythm. 
Light has three effects on the melatonin rhythm of cultured avian pineal glands: 1) it 
inhibits melatonin synthesis directly, 2) it increases the amplitude of the rhythm and 
prevents damping, and 3) it phase shifts the clock mechanism itself within the pineal 
cells (Martin Zatz et al., 1988). In addition, the sympathetic neurotransmitter 
norepinephrine (NE), which derives from sympathetic innervation in vivo,  inhibits 
melatonin synthesis and prevents the damping, but has no phase shift effect (V. M. 
Cassone & Menaker, 1983; V. M. Cassone, Takahashi, Blaha, Lane, & Menaker, 1986; 
M. Zatz & Mullen, 1988a).  
The molecular mechanisms by which NE prevents damping are also unknown. NE acts 
through α2-adrenergic receptor (T. Deguchi, 1979b; B. L. Pratt & Takahashi, 1987) and 
 
75 
 
its coupled Gi GTP binding protein, which inhibits adenylate cyclase (ADCY) and leads to 
lower cAMP levels (B. L. Pratt & Takahashi, 1988). When cAMP is low, AANAT, the 
critical enzyme of melatonin synthesis, is degraded so that melatonin production 
decreases, indicating a critical role for the cAMP signaling pathway in the regulation of 
melatonin synthesis (D. C. Klein et al., 1997). The present study was undertaken to 
examine the temporal expression patterns of melatonin release, clock genes and cAMP 
signaling pathway-related genes in a microfluidic pineal cell culture model and explored 
the response to NE administration. The mechanism by which NE increases the 
amplitude and prevents damping is also addressed. 
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4.3 Materials and Methods 
4.3.1 Cell culture 
Pineal glands were collected from embryonic day 21 chick (Gallus gallus domesticus) 
brain as previously described (Karaganis et al., 2008). Embryonic day 1 eggs were 
incubated in a GOF 1502 Sportsman incubator at 38° C, 75% humidity for 20 days. On 
day 21, forty embryos were extracted from the eggs and decapitated. The pineal glands 
were transferred to sterile Dulbecco’s phosphate-buffered saline (PBS) with D-glucose 
(1.8%), and digested by 0.25% trypsin (10 pineals/mL of trypsin) for 30 min with 
trituration every 10 min. The debris was removed and then the dispersed cells were 
spun down for 10 min at 1000 g. The pellet was re-suspended to 4 pineal/mL (106 
cells/mL) in M-199 medium with 10% FBS, 10% Chicken Serum and 1% 
Penicillin/Streptomycin. 30 µL of the cells were loaded into one channel of the 6-channel 
multi-well slide (IBIDI Cat.80606), or 1 mL of the cells was plated on 6-well plates. 
The cells were cultured in a Forma Series II Water Jacket CO2 incubator (Model 3100, 
Thermo), maintained  at 36.5° C with 5% CO2 in constant darkness until 10:00am the 
next day. They were initially cultured in 12:12 LD cycles (34 μW/cm2 from LED lights) 
using 10:00 am as Zeitgeber time 0 (ZT0). When the cells of 4 pineal/mL grew to ~80% 
confluence (after 2 to 3 light/dark cycles) two IBIDI slides with a total of 12 channels of 
cultured pineal cells were loaded onto a perfusion system. The super-perfusion system 
consists of a modified syringe pump (Harvard Apparatus), tubing, IBIDI slides and a 
customized collector. The pump pushes culture medium through 12 syringes to flow 
through microfluidic IBIDI slides (with flow rate at 100 µL/hour/chamber) where the 
pineal cells were cultured and the medium containing the melatonin secreted from the 
pineal cells was collected every hour.  
 
77 
 
4.3.2 Experimental Protocol 
Five experiments were conducted. In Experiment 1, cells were cultured in LD for 3 days 
and then placed in DD for 7 days. On day 3 of DD, at CT0, 3 control channels on each 
-6M norepinephrine 
bitartrate (Sigma A0937) in 10 mg.mL ascorbate. Samples were collected every hr., and 
melatonin levels were measured. 
In Experiment 2, cells were treated as in Experiment 1with the exception that beginning 
on day 3 of DD, cells received a series of 3 
3 successive days. Cells were then allowed to survive another 3 days. As above, 
samples were collected every hr., and melatonin levels were measured.  
To ask whether there was a phase-dependent effect of NE on pineal cell melatonin 
release, in Experiment 3, 4 sets of slides were exposed to either NE or ascorbate at 4 
different phases in the melatonin cycle: at the beginning of subjective day (CT24/0), mid-
subjective day (CT6), early subjective night (CT 16) and late subjective night (CT20) 3 
times 24 hrs apart. As above, cells were allowed to incubate for another 3 days while 
samples were collected. Melatonin was then measured in these samples.  
In Experiment 4, expression of genes involved in the damping of the melatonin rhythm in 
DD and the response to NE administration were measured the gene expression in 40 
candidate genes were measured by the Nanostring, including clock genes and genes 
related to cAMP signaling pathway (Table 5). These genes were selected from 
transcriptional profiling studies that identified most likely components of the chick pineal 
clock as well as sequences known to be involved in monoaminergic signaling (Bailey et 
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al., 2003; Karaganis et al., 2008). NE was administered at CT24 of day 5 (The beginning 
of day 6 on perfusion system) in DD, because NE administration created the highest 
melatonin amplitudes at this time point (Figure 14). The mRNA from three channels of 
the control group and three channels of the treatment group were collected with 4 hour 
intervals from CT2 of day 8 (the last NE administration cycle) to the end of day 9, a total 
of 12 time points over the 48 hours. The gene expression was measured by Nanostring. 
Cultured pineal cells on IBIDI slides were homogenized in Trizol by pipetting for total 
RNA extraction. 
In Experiment 5, expression of two key proteins from the cyclic nucleotide transduction 
pathway was measured by western blot. Cells were collected as above from 3 channels 
as ascorbate control and 3 channels during NE treatment. Protein was extracted as 
described below and prepared for western blot analysis for phosphodiesterase 4D 
(PDE4D), adenylate cyclase I (ADCY1) or peptidylprolyl isomerase A (PPIA) as a 
control. 
In static culture, 1 mL of medium with NE (10-6 M) or ascorbate was administered to cells 
and incubated for 1hr. After one hour, the cells were rinsed with PBS for 3 times and 
fresh cell culture medium was administered. 
4.3.3 Melatonin ELISA 
Melatonin content of culture medium was measured according to Li and Cassone (Li & 
Cassone, In press). Monoclonal melatonin antibody (CalBioreagents, Inc California, 
USA) was diluted (0.5 μg/ml) in plate coating buffer (pH 7.4 PBS with 5% sucrose) and 
then loaded as 50 μL antibody solutions per well of the 96-well plates (Thermo Pierce 
15041).  The plates were kept in 4° C overnight (12~20 hrs). Then the antibody solution 
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was removed and rinsed 4 times with 300 μL washing buffer (pH 7.4 PBS with 0.5% 
Tween 20) in each well. The plates were blocked with 50 μL Protein-Free (PBS) 
Blocking Buffer (Thermo Pierce 37516) and held in 4° C for 1~2 hr. After removing of the 
blocking buffer, the plates were rinsed 2 times with washing buffer again and put under 
vacuum for drying. A stock melatonin (Sigma-Aldrich M-5250) standard of 1 mg/mL was 
MSO, Sigma-
Aldrich D2650) first and then in 9.9ml PBS. The stock solution was further diluted with 
PBS or cell culture medium (M-199, Sigma-Aldrich M7528) with 10% FBS to give 6 
individual standards ranging from 50 pg/mL to 10,000 pg/mL. The standards of the 
assay covered a wide working range from 100 pg/ml to 10 ng/ml. 25 μL of melatonin 
calibrators or samples were loaded respectively into each well of the plate, followed by 
25 μL of Mel-HRP (1:2000 dilution in PBS, CalBioreagents, Inc California, USA). Then 
the plate was incubated at 4° C for 3 hrs. The liquids were removed and 50 μL of 
tetramethylbenzidine (TMB) solution (Thermo Scientific 34028) was added into each well 
for 15 min after the plates were washed for 4 times with washing buffer. The color 
reaction was ceased with 50 μL stop solution (KPL Inc. 50-85-05). OD readings were 
recorded by ELISA plate reader (iMark, Biorad). The sensitivity of the assay was 68 
pg/mlL in cell culture medium and 26pg/ml in PBS with as little as 25 μL sample volume. 
The recovery of melatonin from cell culture medium was 101.0%. The principal cross-
reacting compounds were N-acetyl-5-hydroxytryptamine (0.03%) (Sigma A1824) and 5-
methoxytryptophol (0.003%). The variation coefficients of the assay, within and between 
runs, ranged between 6.68% and 15.76% in cell culture medium. The mean linearity of a 
series diluted cell culture medium sample was 105% (CV=5%), ranging between 98% 
and 111%, y = 5.5263x + 0.0646, R² = 0.99. Details of this assay are published 
elsewhere (Li & Cassone, In press). 
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4.3.4 RNA quantification 
Total RNA was extracted by ZYMO Direct-zol RNA mini Prep kit with DNAase treatment 
(ZYMO Research, Cat. R2052).The mRNA expression were measured by gene 
expression quantification using multiplexed, color-coded probe pairs (NanoString 
nCounter, Nanostring Technologies, Inc.) and validated by semi-quantitative PCR. For 
Nanostring, each of the 40 genes including clock genes and genes related to cAMP 
signaling pathway were targeted for designing and synthesis of probe sets (Table 5). 
Probes sets of 100 bp in length were designed to hybridize specifically to each mRNA 
target and be identified by the unique color code of each probe (Reis et al., 2011). 
Samples were subjected to Nanostring nCounter analysis by the Microarray Core Facility 
(http://www.research.uky.edu/microarray/
Reporter CodeSet and 10 μL of hybridization buffer were mixed with 5 μL of RNA (150 
placed in a 65°C thermocycler for a 12 hr. incubation. Once removed from the 
thermocycler, samples were processed with the nCounter Prep Station (NanoString 
nCounter, Nanostring Technologies, Inc.). The data were normalized first by subtracting 
the average of the negative controls to eliminate background and calibrated by the 
standard curve from positive controls, and then the data were normalized to the internal 
control (gPPIA and gPPIB).  
For semi-quantitative polymerase chain reaction (qPCR), 1 µg of total RNA was digested 
by RQ1 DNase I kit (Promega, Cat.M6101) and reverse transcribed to cDNA by qScript 
cDNA Super Mix kit (Quanta Biosciences,Cat. 95084). The cDNA from cultured pineal 
cells and intact pineal glands were used as templates in PCR. 2 µL cDNA (1/5 of the 
transcribed total RNA) was mixed with 12.5 µL of 2x PCR Master Mix (Promega, 
Cat.M7502), 0.5 µL of each primer (10uM) and 9.5 µL water to a total 25 µL. PCR was 
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carried on a Gene Amp PCR system 9700 (Applied Biosystems). The qPCR was run as 
follows: 2 minutes of initial denature at 95° C was followed by 30 cycles of 50 seconds at 
95°C, 40 seconds at 50°C (could be different depending the annealing temperature of 
target gene) and 50 seconds at 72°C, then 7 minutes at 72° C and then hold at 4° C. 
The primer sequences and data analysis followed previous work in our lab (Karaganis et 
al., 2008). 
4.3.5 Western Blot Analysis and Protein assay 
Total protein of three wells from cultured pineal cells was extracted at each point with 
RIPA buffer (Santa Cruz Biotechnology, sc-24948) and the concentration was measured 
by the Bradford assay (Noble & Bailey, 2009). Western blots were run as previous 
described (Malloy, Paulose, Li, & Cassone, 2012). Briefly, 5 µg of protein sample was 
run on the SDS page gel in triplicate (Biorad, Mini-PROTEIN 3) and transferred on a 
nitrocellulose membrane (Whatman, Protran BA83) by Criterion Blotter (Biorad). The 
membrane was blocked by 5% milk in PBS with 0.5% tween 20. The antibody of 
phosphodiesterase 4D (PDE4D), adenylate cyclase I (ADCY1) or peptidylprolyl 
isomerase A (PPIA) was applied to the membrane at a 1:1000 dilution. Biotinylated 
secondary antibody (1:5000 dilution, anti-rabbit IgG) was applied followed with 
amplification of the avidin/biotinylated enzyme complex and color reaction 
(VECTASTAIN ABC-AP kit, Vector laboratories Inc.). The PPIA served as internal 
control for normalizing the relative expression level of PDE4D and ADCY1. The results 
were quantified by Image J. 
4.3.6 Statistics 
Melatonin data were subjected to cosinor analysis utilizing linear harmonic regression 
(CircWave software), as well as ANOVA (Karaganis et al., 2008). Nanostring time 
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course data were analyzed by ANOVA followed by Newman-Keuls Multiple Comparison 
Test and CircWave. Gene expression response to NE was analyzed by two-way ANOVA 
followed by Bonferroni multiple comparison post-hoc test. Autocorrelations were 
calculated by Wessa P software (Wessa, 2015).  Melatonin amplitude changes were 
subjected to a student’s t-test. ANOVA and t-tests were performed using GraphPad 
Prism (GraphPad Software, Inc.) and Sigma Stat software (SystatSoftware Inc, Point 
Richmond, CA) packages. Western blot results were analyzed by a Student’s t-test. 
4.4 Results 
4.4.1 Melatonin rhythm of cultured chicken pineal cells in LD/DD and effect of NE 
Melatonin levels were rhythmic in vitro in both LD and in the first two cycles in DD before 
damping to arrhythmicity (Figures 10-13). Autocorrelation analysis of individual channels 
for the last two days in LD, the first two days in DD and the second two days in DD 
indicated that the melatonin rhythm was robust in LD cycle, in the first 2 days in DD and 
then damped out (Figure 10).  The combined datasets from 6 channels of the control 
group and 6 channels with a single NE administration from the perfusion system under 
LD, DD were measured and profiled (Figure 11). Rhythmicity in LD and DD were 
analyzed by CircWave and ANOVA. Using these tests, the melatonin outputs in LD 
displayed a significant circadian rhythm (p<0.05) and in DD did not (p>0.05). The single 
pulse of NE administration suppressed the melatonin production and created a rebound 
following the trough (Figure 11).  
4.4.2 Daily administration of NE recovered the melatonin rhythm of cultured chicken 
pineal cells 
To test whether rhythmic administration of NE could recover the melatonin rhythm, NE 
was administered for 3 cycles in DD. The melatonin output in the NE administration 
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group were rhythmic (p<0.05) and in the control group were not significantly rhythmic 
(p>0.05). The period of melatonin rhythm in the NE administration group was 24.4 ± 0.55 
hrs while the period in the control group was not significant or not circadian (Figure 12). 
4.4.3 Recovery effect of NE administration on the melatonin rhythm of cultured 
chicken pineal cells was phase dependent 
Although the melatonin output became arrhythmic in DD, it was possible that the clock 
system was still working. To test whether the effect of NE administration was phase 
dependent, NE administration was performed at 4 different phases relative to predicted 
phases from the LD data: the trough (CT6), 4 hours before the peak (CT16), at the peak 
(CT20), and 4 hours after the peak of melatonin (CT24) (Figure 13A-D). The amplitude 
of the recovered melatonin rhythm following NE administration at different phases were 
analyzed by cosinor analysis and compared (Figure 14). The amplitudes recovered by 
NE administration at different phases were significantly different from each other (p< 
0.05 by t-test) and showed a time- dependent pattern in which amplitude recovery was 
greatest during the late subjective night (Figure 14). 
4.4.4 Clock genes were still rhythmic in DD 
Most of the genes on the array, including clock genes, were still rhythmic in DD through 
one-way ANOVA followed with Newman-Keuls Multiple Comparison Test (Table 6 and 
Figure 15, p<0.05). However, only gAanat, gHiomt, gADCY1, and gADCY3 passed 
CircWave analysis (p<0.05). As examples, the four clock genes gBmal1 (Figure 15A), 
gClock (Figure 15B), gCry1 (Figure 15C), gPer3 (Figure 15D) exhibited high amplitude 
rhythms. The two genes on the melatonin synthesis pathway, gAanat (Figure 15E) and 
gHiomt (Figure 15F), together with gADCY1 (Figure 15G) and gPDE4D (Figure 15H), 
were also rhythmic.  
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4.4.5 PDE4D and ADCY1 respond to NE in a time-dependent pattern 
NE administration did not change the expression of most genes in the Nanostring array, 
including clock genes (Table 6). The exceptions were gADCY1, gPDE4D, gGNAI1 and 
gPurpurin (Two-way ANOVA followed with Bonferroni post hoc test, p<0.05). Since 
gPDE4D and gADCY1 are important for the cAMP signaling pathway which is tightly 
related to melatonin production in the pineal gland, two protein products of genes were 
selected for further analysis: gPDE4D and gADCY1 (Figure 15G, Figure 15H): gPDE4D 
mRNA was upregulated 2 hours after NE administration while gADCY1 mRNA was 
upregulated 6 hours after NE administration. After that, there was no difference between 
the treatment and control groups for both genes. To investigate the response at the 
protein level, ADCY1 and PDE4D proteins were measured by western blot. The results 
indicate the protein level of ADCY1 is significantly down regulated 6 hours after NE 
administration and upregulated 18 hours after NE administration (t-test, p<0.05), which 
match the trough and the peak of melatonin rhythm (Figure.16). However, the protein 
expression of PDE4D didn’t display any significant change (t-test,p >0.05).  
4.5 Discussion 
The avian circadian system consists of multiple circadian pacemakers and 
photoreceptors whose mutual interactions are critical for self-sustained biological 
rhythms in behavior, physiology and biochemistry (V. M. Cassone & Menaker, 1984; 
Gwinner & Brandstatter, 2001). The circadian pacemakers include the pineal gland, the 
hypothalamic suprachiasmatic nuclei (SCN) and the ocular retinae. Each of these 
components express circadian patterns of physiological and metabolic activity in LD and 
DD, which damp after several cycles in DD (Woller & Gonze, 2013).  The mechanisms 
by which these pacemakers damp are not known. The two most plausible explanations 
are the desynchronization of individual oscillatory cells and/or a decrease in the 
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amplitudes of the oscillatory mechanisms themselves in all cells. In the mammalian 
SCN, where bioluminescent and fluorescent reporter constructs reveal individual SCN 
cells’ gene expression, damping appears to be the result of desynchronization of 
reporter gene output among self-sustained oscillators in the cell population (Nagoshi et 
al., 2004; Ukai et al., 2007; Yamazaki et al., 2000).   
In the case of the chick pineal gland, pinealocytes synthesize and release melatonin 
such that melatonin levels are high in the dark phase of night and low during the day 
(Natesan et al., 2002). In vivo, when chicks are placed in DD, the melatonin rhythm 
persists for at least 10 days without a decrease in amplitude (Bernard, Iuvone, et al., 
1997; V. M. Cassone & Menaker, 1983). When the sympathetic innervation to the pineal 
gland is interrupted, pineal melatonin rhythms persist in LD but damp in DD (V. M. 
Cassone & Menaker, 1983). In vitro, pineal glands or dispersed cells express high 
amplitude melatonin rhythms in LD (Robertson & Takahashi, 1988; Robertson et al., 
1988; J S Takahashi et al., 1980), which damp in DD (Robertson & Takahashi, 1988; J S 
Takahashi et al., 1980; M. Zatz & Mullen, 1988a). In both in vivo and in vitro, 
administration of NE or NE agonists decreases melatonin output immediately, which in 
turn causes a rebound of melatonin titers (V. M. Cassone & Menaker, 1983; M. Zatz & 
Mullen, 1988a). 
In the present study, microfluidic cultures of pineal cells exhibited high amplitude daily 
rhythms of melatonin release in an LD cycle, which persisted for 2-3 cycles in DD 
(Figures 10 and 11). However, after 2 days in DD, the amplitude of the melatonin rhythm 
declined, damping to arrhythmicity (Figures 10-13), suggesting that the clock mechanism 
itself has damped. However, clock gene expression remained robustly rhythmic with 
appropriate phase relationships such that negative element gPer3 was expressed 180° 
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out of phase with positive element gBmal1 (Table 5; Figure 15 A-D). Further, at the 
mRNA level, both gAanat and gHiomt remained rhythmic, even as their collective output 
damped to arrhythmicity (Table 6; Figure 15E, F).  
Previous studies have shown  gAanat mRNA and protein levels in chicken pineal to be 
rhythmic in both LD and DD (Bernard, Iuvone, et al., 1997; Bernard, Klein, et al., 1997) 
and that melatonin production is parallel to the AANAT protein levels (S. Binkley, 
Macbride, Klein, & Ralph, 1973). However, in these studies, the experiments were 
performed only for one or two cycles in DD before the melatonin rhythm damped. 
Damping of the melatonin rhythm cannot be due to flow through culture conditions, since 
high amplitude rhythms can be reestablished with LD (Robertson & Takahashi, 1988; 
Robertson et al., 1988) or norepinephrine (NE; Figure 11-13). A single administration of 
NE to the pineal cultures immediately decreases melatonin output in the cultures and 
results in a rapid rebound of melatonin 8-12 hrs later (Figure 11). This effect is amplified 
when NE is repeatedly administered 3 times 24 hrs apart, but under no circumstances 
could we identify a phase-dependent change in the phase or period of the subsequent 
rhythm (Figure 12). These observations confirm the view that while NE affects melatonin 
amplitude and reverses damping, it has no effect phase-shifting the clock itself (M. Zatz 
& Mullen, 1988a). This idea is punctuated by the fact that NE administration also has no 
effect on clock gene expression, at least at the mRNA level (Figure 15 A-D). 
Interestingly, however, the amplitude of the rebound was phase-dependent (Figure 13) 
in which the relative amplitude of the rebound was greater when the NE was 
administered in the late subjective night (CT 20-24) than it was during the day or early 
subjective night (CT 6-16). This suggests that while NE has no effect of the pineal clock, 
the pineal clock affects the pineal’s sensitivity to NE. 
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What is the mechanism by which the pineal clock alters sensitivity to NE? At the mRNA 
level, circadian patterns in norepinephrine receptors, G-protein components, and 
mediators of cyclic nucleotide signaling persist in DD, presumably under the regulation 
of the pineal circadian clock (Table 6; Figure 15G, H). Further, NE administration 
selectively altered the expression of genes associated with cAMP metabolism: gPDE4D, 
gGNAI2 and gADCY1.  
At the post-transcription level, the most important factor concerning melatonin production 
appears to be cAMP signaling pathway. In birds, NE activates α2-adrenoreceptors, 
which couple with Gi, inhibiting adenylate cyclase activity (T. Deguchi, 1979b; B. L. Pratt 
& Takahashi, 1987, 1988; Voisin & Collin, 1986). When cAMP is low, AANAT is 
degraded so that melatonin production decreases. cAMP analogs stimulate melatonin 
production but do not have any effect on the cycles following their administration (M. 
Zatz & Mullen, 1988a). In the rat, the promoter region of the Aanat gene contains one 
perfect cAMP response element (CRE) site, one CRE-like sequence, an inverted 
CCAAT box and an activating protein-1 (AP-1) site (Baler et al., 1997, 1999; Burke et al., 
1999), capable of binding the cAMP/PKA dependent phosphorylated cAMP response 
element-binding protein (P-CREB) (Chen & Baler, 2000).  In chicken, a CRE-like 
sequence has also been identified in the promoter area of the gAanat gene (Haque et 
al., 2011). The CRE-like sequence can upregulate the transcription of gAanat in chicken 
retina cells, but its function in the pineal gland is still unclear. Besides ADCY, cAMP 
levels can also be regulated by phosphodiesterase (PDE) in rat pineal gland (Kim et al., 
2007).  In this study, the results revealed that the mRNA of gPDE4D and gADCY1 
respond to NE administration sequentially: the mRNA of gPDE4D was upregulated 2 
hours after NE administration and drops back while the ADCY1 mRNA was upregulated 
6 hours after NE administration and then drops back.  
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Based on this evidence, we hypothesize that the NE upregulates gPDE4D, which 
degrades the cAMP, leading to the trough of melatonin production and subsequently the 
NE upregulates gADCY1, which synthesizes the cAMP, creating the rebound of 
melatonin production. However, western blots only identified the down regulation of 
gADCY1 6 hours after NE administration and the up regulation of gADCY1 18 hours 
after NE administration, which was consistent with the melatonin profile after NE 
administration. Nikaido and Takahashi (Nikaido & Takahashi, 1989) have shown that 
chick pineal cells rhythmically released cAMP in phase with the melatonin rhythm. The 
cAMP rhythm damped in DD, consistent with the rhythm of melatonin (Nikaido & 
Takahashi, 1989). It is reasonable to hypothesize that gADCY1 is the key to the 
damping and NE-induced recovery of melatonin rhythm. Our results indicated that the 
melatonin rhythm damps correlating to the damping of the gADCY1 rhythm at the protein 
level, even when gAanat mRNA was still rhythmic. It is possible that NE recover the 
melatonin rhythm through creating a rebound in gADCY1.  
Our results further revealed that the amplitude of the melatonin rebound created by NE 
in DD was phase-dependent. The phase dependent effects may result from rhythmic 
clock gene expression in DD, although direct, causative evidence of this is wanting. The 
NE receptor gADRA2A and the receptor subunit gGNAI1 and gGNAI2 are both rhythmic, 
indicating that they are under the control of an internal clock. Although the clock does 
not directly maintain the melatonin output of the pineal cells, it still functions as gating 
the response of pineal cells to the NE input. The role of clock genes in the physiological 
function of peripheral tissue is still not fully understood. For example, the clock genes in 
the rat pineal gland are rhythmically expressed, but melatonin production is not rhythmic 
in vitro and increases only in response to NE stimulation through the cAMP pathway 
(Bailey et al., 2009; Fukuhara & Tosini, 2008). Our results show that clock genes in the 
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pineal gland, as well as other peripheral tissues, might serve as gating the tissue’s 
response to received signals, indicating a common mechanism in which the clock genes 
do not directly control physiological outputs but gate the response to external 
stimulation. The details of how clock genes generate the overall rhythmic gene 
expression in the chicken still need to be determined. 
In summary, our results demonstrate that the damping of melatonin rhythm in cultured 
pineal cells occurs at the post-transcription level, despite rhythmic expression of clock 
genes, gAanat and gHiomt. The expression of gADCY1 at the protein level was the main 
factor in the damping of melatonin rhythm in DD and the recovery of melatonin rhythm 
by NE. Although the clock genes did not directly control the melatonin production in DD, 
they continue to gate the response of melatonin production to NE.  
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Figure 10. Melatonin rhythms from dispersed pineal cells in two individual 
channels.  
Figure 10A.  Melatonin output from a single channel 1 from dispersed pineal cells in 3 
days LD and 4 days in constant darkness (DD). X-axis indicates time in days. Day 1 is 
defined as the day when the perfusion system started (The same definition applies to all 
the x-axes in the following figures). The white bar on the x-axis indicates day time with 
light, the dark bar indicates night time in darkness, and the grey bar indicates the 
subjective day time in constant darkness. Figure 10B. Melatonin output from a single 
channel 2 from dispersed pineal cells in 3 days LD and 4 days in constant darkness 
(DD). Figures 1C-H represent the autocorrelation functions corresponding to different 
phases of the melatonin output rhythms. The time lag (dashed line, indicating the period) 
of the last two cycles in LD is 24 h for both channels and ACF are 0.39 for channel 1 
(Figure. 10C) and 0.35 for channel 2(Figure. 10D); the time lag of the 1st two cycles in 
DD is 20 h for channel 1 (Figure. 10E) and channel 2 (Figure. 10F) with ACF as 0.25 
and 0.18 for each. The time lag and ACF of the 2nd two cycles in DD were not detected 
(Figure. 10G and Figure. 10H).   
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Figure 11.Effects of a single administration of norepinephrine (NE) on melatonin 
output.  
Twelve channels of dispersed pineal cells were cultured on a super-perfusion system for 
3 days under LD and 4 days under DD, and melatonin was measured every two hours. A 
single pulse (100 µL of medium with NE (10-6 M) or ascorbate) was administered in the 
treatment group (white circles) and/or control group (black circles) on the perfusion 
system at CT18 (The arrow) of the 2nd cycle in DD. 
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Figure 12.Effects of 3 consecutive NE administrations on melatonin output.   
Dispersed pineal cells were cultured in the super-perfusion system for 3 days under LD 
and 7 days under DD. The plotting starts from CT 6 in day 4 under DD. At CT18 of day 5 
to day 7 under DD, 100 µL of medium with NE (1 μM) or ascorbate was administered 
(the three arrows) to each channel of the treatment group (white circles) or control group 
(black circles). 
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Figure 13. Effects of NE on melatonin output at different phases of the melatonin 
cycle. 
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Dispersed pineal cells were cultured on the super-perfusion system for 3 days in LD and 
9 cycles in DD. The melatonin outputs were measured and plotted. The plotting starts 
from the day with the first NE administration in DD. At CT24 (Figure 13A), CT6 (Figure 
13B), CT16 (Figure 13C) and CT20 (Figure 13D) of day 5, day 6 and day 7 under DD, 
100 µL of medium with NE (1 μM) or ascorbate was administered (the three arrows) to 
each channel of the treatment group (white circles) and control group (black circles). 
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Figure 14.Phase dependent effect of NE administration on melatonin amplitude. 
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Administration of NE to dispersed pineal cells increases amplitude of the melatonin 
rhythm differentially depending on the phase of administration. NE is more efficaciously 
in restoring amplitude in the late subjective night (CT20) and early subjective day 
(CT0/24) than at other circadian phases. The amplitude of the recovered melatonin 
rhythms with NE administration at different phase were analyzed by cosinor analysis and 
compared by the relative amplitude. The amplitudes (A) created by NE administration at 
each time point (CT24/0, CT6, CT16 and CT20) were normalized by the averaged 
concentration of the melatonin during the 3 cycles (A0) and plotted as relative amplitude 
(A/A0). The relative amplitudes at each time points were compared to each other by a t-
test. The differences between each group were significant (p<0.05) as labelled (*) and 
displayed a time-dependent pattern. 
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Figure 15.Circadian rhythm of clock genes and clock controlled genes. 
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Circadian patterns of mRNA encoding clock proteins (Figures 15A-D), melatonin 
synthesis enzymes (Figures 15E,F), and cyclic nucleotide metabolism (Figures 15GH) 
persist in dispersed pineal cells held in DD. Of these, only gPDE4D and gADCY1 were 
affected by exogenous NE administration. The relative mRNA expression of each gene 
in control group (black circles, n=3) and NE administration group (white circles, n=3) 
were plotted on a time line for two days. The NE administration significantly (p<0.05) 
affected the gene expression of gPDE4D (Figure 15G) and gADCY1 (Figure 15H) in 
treatment group (*).  
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Figure 16. Western blot analysis of ADCY1 and PDE4D in the presence or 
absence of NE.  
Pineal cells were cultured in 6 well plates at concentration of 2x105cells/cm2 under LD 
cycles. After 3 days, the cells were transferred to constant darkness for 2 days and 
either the NE or blank medium was administered at CT24 of the day 5 in DD for 3 
cycles, similar to the situation in the super-perfusion system. For each time point, there 
were three replicates in control and NE administration group. The protein samples were 
collected 2 hours after the NE administration with 4 hours interval for two days. Figure 
16A. Protein expression of ADCY1 and PDE4D was measured by western blot. The 
numbers indicated the time (hours) after NE administration. Figure 16B. The western 
data were quantified by Image J. The expression of ADCY1 and PED4D were 
normalized by PPIA and plotted, and the data were analyzed by paired t-test at each 
time point.  The paired t-test showed a significant difference between control and NE 
administration group at 6 hour (*) and 18 hour (**) in ADCY1 expression (p<0.05). There 
was no significant difference between control and NE administration group of PDE4D. 
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Table 5. The rhymicity of genes in DD and the respone of genes to NE. 
Gene ID 
Rhythmic in 
DD 
Response to 
NE 
Gene name 
Note 
gBmal1 *  
Aryl hydrocarbon receptor 
nuclear translocator-like ( or 
ArntI) 
Clock 
Genes and 
clock 
related 
genes1 
gClock **  
Circadian Locomotor Output 
Cycles Kaput 
gCry1 *  Cryptochrome 1 
gCry2 *  Cryptochrome 2 
gPer2 *  Period 2 
gPer3 *  Period 3 
gPGC-1A   
Peroxisome proliferator-
activated receptor gamma 
coactivator 1-alpha 
gSirt1 **  
NAD-dependent deacetylase 
sirtuin-1 
                                                     
1
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gSirt2 **  
NAD-dependent deacetylase 
sirtuin-2 
gAanat **  
Aralkylamine N-
acetyltransferase 
Melatonin 
synthesis 
gHiomt **  
Hydroxyindole O-
methyltransferase 
gADCY1 ** # Adenylate cyclase type 1 
cAMP 
signaling 
pathway2 
gADCY2 **  Adenylate cyclase type 2 
gADCY3   Adenylate cyclase type 3 
gADCY7 **  Adenylate cyclase type 7 
gc-fos *   
gCreb1 **  
CAMP responsive element 
binding protein 1 
gCrebbp **  CREB-binding protein 
gCRTC1 *  
CREB-regulated 
transcription coactivator 1 
                                                     
2
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gP300 *  E1A binding protein p300 
gPDE4A *  
cAMP-specific 3',5'-cyclic 
phosphodiesterase 4A 
gPDE4B *  
cAMP-specific 3',5'-cyclic 
phosphodiesterase 4B 
gPDE4D ** # 
cAMP-specific 3',5'-cyclic 
phosphodiesterase 4D 
gPRKAC
B 
**  
cAMP-dependent protein 
kinase catalytic subunit beta 
gPRKAR
1A 
**  
cAMP-dependent protein 
kinase type I-alpha 
regulatory subunit 
gPRKAR
1B 
**  
cAMP-dependent protein 
kinase type I-beta regulatory 
subunit 
gADRA2
A 
**  
alpha-2A adrenergic 
receptor 
Norepinephr
ine 
receptor3 
gGNAI1 ** # Guanine nucleotide-binding 
                                                     
3
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protein G(i), alpha-1 subunit 
gGNAI2 **  
Guanine nucleotide-binding 
protein G(i), alpha-2 subunit 
gACADL **  Acyl-CoA dehydrogenases  
gNAMPT **  
Nicotinamide 
phosphoribosyltransferase 
 
gNDRG1 **  
N-myc downstream 
regulated gene 1 
 
gNDUFV
1 
**  
NADH dehydrogenase 
flavoprotein 1 
4 
gNfix **  Nuclear factor 1 X-type  
gPurpurin ** # 
a lipocalin family protein 
binding glycosaminoglycan 
as well as a retinol 
 
gUBC *  ubiquitin C  
gCST3 **  cystatin C  
                                                     
4
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gEEF2 *  
eukaryotic translation 
elongation factor 2 
 
gPPIA control  peptidylprolyl isomerase A  
gPPIB control  peptidylprolyl isomerase B  
 
In the “Rhymic in DD” column, “*” means significant (p<0.05) in one-way ANOVA test, “**” 
means there are two circadian-like peaks identified by Newman-Keuls Multiple 
Comparison Test. Peaks are defined as a significant difference in a comparison of two 
time points with  about twelve hours and with no peaks between the two time points . 
The “#” indicates the gene expression shows significant difference (p<0.05) between 
control and NE administration in two-way ANOVA test followed by bonferroni post hoc 
test. 
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Table 6.Probe sets for genes of interest used for Nanostring analysis. 
Gene 
Symbol 
Accession 
Number 
Target 
Region 
Target Sequence 
CLOCK NM_204174.2 2499-2598 
ACAGACATCCAGGTTACTTCACGGGAATCAGTCA
GCTCAGCTTATCCTCTCTGCTGCTTTCCCACTACA
GCAAAGCACTTTTACTCAGTCCCACCACCAG 
ARNTL AF205219.1 701-800 
CAGTTAAAACTGATATAACACCCGGGCCATCACG
ACTATGTTCTGGAGCAAGGCGGTCCTTCTTTTGTA
GGATGAAGTGCAACAGACCTTCAGTGAAAGT 
CRY1 AY034432.1 1346-1445 
TTTTGGCAGAAGAACTGACCCAAATGGAGATTACA
TCAGACGTTACTTGCCTGTACTTAGAGGTTTCCCT
GCAAAATACATCTATGATCCTTGGAATGCC 
CRY2 AY034433.1 1491-1590 
CCAGCAACTATCACGCTACAGGGGGCTCTGTTTA
TTGGCATCAGTCCCTTCATGTGTGGAAGACCTCA
GTGGCCCAGTTACAGACTCAGCTCCGGGGCAG 
PER2 AF246956.1 986-1085 
AGCGTGAAAATGAGATTTGCTATCACCCATTTCGG
ATGACTCCTTACCTTATCAAAGTACAAGATCCAGA
AGTAGCAGAGGACCAACTTTGTTGTGTGCT 
PER3 
ENSGALT000
00000797.1 
1043-1142 
TGCAAGGGCAAATCTACAAGCTGCTTCTGCAGCC
AGTTCATAGCAACGTTTCCAGTGGTTATGGTAGCC
TTGGTAGCAGTGGTTCTTATGAGCACTATAT
5
 
                                                     
5
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AANAT NM_205158.1 316-415 
CAGCGAGTTCCGCTGCCTCAGCCCCGAGGATGC
CGTCAGCGTGTTCGAGATCGAGAGGGAAGCCTTC
ATCTCCGTCTCCGGTGACTGCCCGCTGCACCTG 
ASMT NM_205343.1 430-529 
TCTTTGGAGCCAGGTACAGATCAGAAGAAGAAAT
GCTGAAGTTCTTGGCTGGCCAGAACTCAATCTGG
AGTATATGTGGCAGAGATGTACTTACTGCATT 
NFIX NM_205270.1 690-789 
CCCAGGGCGATGCAGACATCAAACCTCTGCCCAA
CGGGCACCTGAGCTTCCAGGATTGCTTCGTGACG
TCGGGCGTCTGGAACGTGACCGAGCTGGTGAG 
CST3 NM_205500.2 383-482 
ATGAGCCAGAGATGGCTAAGTATACCACATGCAC
CTTTGTAGTGTACAGTATTCCTTGGCTAAACCAAA
TTAAACTGCTGGAAAGCAAGTGCCAGTAAGC 
PURPU
RIN 
M17538.1 54-153 
TTTCCTGGCATCAATCTTCTCTGCGGTTGAATATA
GCCTAGCTCAGACCTGTGCAGTGGACTCCTTCTC
CGTGAAAGACAATTTTGATCCAAAAAGGTAT 
NDRG1 
ENSGALT000
00026140.1 
380-479 
CTTTCCAAGCTGGGTACATATATCCTTCCATGGAT
CAGCTGGCTGAAATGCTTCCTGGAATCCTGAAAC
AGTTTGGGCTGAAGAGCATTATTGGAATGGG 
UBC M11100.1 301-400 
GACACCATTGAGAACGTGAAGGCCAAGATCCAAG
ACAAAGAAGGCATTCCTCCTGACCAGCAGAGGCT
GATTTTTGCTGGCAAGCAGCTGGAAGATGGTC
6
 
                                                     
6
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EEF2 NM_205368.1 304-403 
AGCAAGGATGGTTCTGGTTTCTTGATCAACCTGAT
CGACTCTCCTGGGCACGTGGATTTCTCTTCAGAG
GTCACCGCTGCTCTGCGTGTCACTGATGGTG 
PPIA 
NM_00116632
6.1 
50-149 
TGGGCCGCGTCACCTTCGAGCTCTTCGCTGACAA
GGTGCCCATAACAGCAGAGAACTTCCGTGCTTTG
AGCACCGGCGAGAAGGGATTTGGCTACAAGGG 
PPIB NM_205461.1 555-654 
CCCTGAAGGACGTCACCATTGCTGACTGCGGCAC
CATCGAGGTGGAGAAGCCCTTCGCCATCGCCAAG
GAGTGACCCATCACAGCAGGCTGGAGCTGCGC 
ADCY1 XM_418883.4 3751-3850 
TTTCTACCAATGTCGTGTACAACACTCCAGGAACT
CGAGTAAACAGATACATCAGTCGTTTGATAGAGG
CCCGGCAAACTGAGTCTGAGATGGCTGATTT 
ADCY2 XM_419020.4 393-492 
AGAAGCTGCTCCGTATATTTTCACTGGTGGTCTGG
GTATGTCTTGTTGCCATGGGATATCTCTTTATGTG
TTTCGGAGGAATCATCTGTCCCTGGGACCA 
ADCY3 
XM_00364105
6.2 
4091-4190 
CATCTCTCCTACGCGCTGGAGCATCCAGGCTTTG
CTGTTAGTCCATACCAAGTTCATCCTTGTCACAAA
CAACATAGTTAGGAGATCGGGGAGAGAGAGT 
ADCY7 XM_414097.4 4172-4271 
TGCATGCAGTATTGCATTTGTCACAGACATGCTGA
GATGATACTCCAGCATATAGCATACCCTGCTAGTA
ATGCTAAACAAACTTCGTGGCAGAAGACGG
7
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PDE4A 
XM_00494896
4.1 
2445-2544 
CAGCCGTGCGCCCGACTCGGAGCCGTATTTATTT
GGGGACGGGTTCACTTTTTAAAGCCTTTTGTAGCT
CACTTCGTCCTACCAGCCTCACCCGGGCACA 
PDE4B 
NM_00103129
1.1 
2834-2933 
CGCCGTTGGGCATGGCGAGCGGTGCCGCTCGTT
TTGTAACATACGTTTCGAGCTTCTGGTCCAACTCG
TGACAACTAGTTAATGACAGTAGCACAGTTGT 
PDE4D 
XM_00493725
4.1 
2428-2527 
GTGTATGTCATATGCTATCACCATGATCACAACTC
ACTGTCATCAGCCAGGATGTTTGTTGATCAAAACT
GACCTTGGTGACTCAGTTTGGCACTCAGGA 
PRKAR
1A 
NM_00100784
5.1 
876-975 
AGTAAAGTGTCTATATTGGAATCTCTGGACAAGTG
GGAGCGCCTTACTGTAGCTGATGCATTAGAACCG
GTACAGTTTGAGGATGGGCAAAAGATTGTGG 
PRKAR
1B 
XM_00494511
3.1 
2090-2189 
CTAAGTGTGCACTGAAACGCATTTATCTGCATCAG
AGTGTCCTCAGCTGCTTCTCTGAGTAGTATATGGA
ATGTTCAGGAGATGGTGGTAGGCGTAAAGC 
PRKAC
B 
XM_00493665
9.1 
1339-1438 
CACAAAGCTGACTGAGGTCTTTATTGCCATCTTCC
ATGTGTGCGGTTTGCACCAACCCTTCTAACTAGG
CACAATTAAGCAAGCACTGTTTGTGCAGTAA 
CREB1 NM_204450.2 3911-4010 
AAATTGTATTAGGCAGAGTACAGGTCTGGTTAGG
GTTACCCATACATGCTTTACTATTCATAGTGACCC
GAAAGGGGAAAGAATACGATTCAGGCATTCG
8
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CRTC1 
XM_00364288
3.2 
6680-6779 
TTGGCCCGACGCGTTGTGTTCTGTGTTGGGATGT
CGCTCCCTCTGCCATTTCCTGGGCGGTTTGTTGG
GCAGCTCTGAACTTCTCTCTGTATTTCAGAGT 
CREBB
P 
XM_00494538
6.1 
7260-7359 
CCCAACAGGAGTGCGTTGTCAAACGAATTGTCTC
TGGTCGGTGATACCACCGGGGACACGTTAGAAAA
ATTTGTGGAGGGTTTGTAGCATTATGGGAGCA 
P300 
XM_00123388
7.3 
4143-4242 
AAGAGAACAAATTCTCTGCTAAAAGGTTACCGGCT
ACAAGACTTGGTACCTTCTTAGAGAACAGAGTCAA
TGACTTCCTAAAGCGGCAGAATCACCCGGA 
C-FOS M18043.1 1523-1622 
AAGCGGCTTCATTGATAAAACGCGAGTTCATTGAG
GAGACTCCGGAGCGGCGCCTGCGTCAGCGCGGA
CGTCAGAGATATTTATATCGGGCCGCTCTCGT 
NDUFV
1 
NM_00103158
3.1 
543-642 
AAGCGTACGAGGCTGGGCTTCTGGGGAAGAATG
CCTGCGGTTCCGACTATGCCTTTGATGTCTTCGTG
GTGAGGGGTGCCGGGGCGTACATCTGTGGCGA 
NAMPT 
NM_00103072
8.1 
744-843 
AAGTACTATGGAACAAAAGATCCAGTTCCGGGATA
TTCTGTTCCAGCTGCTGAACACAGTACCATAACAG
CTTGGGGGAAGGATCATGAAAAAGATGCTT 
PGC-1A 
NM_00100645
7.1 
2056-2155 
ACCCGAAAAGATCTGAGGGACCGGTTTGAAGTTT
TTGGTGAAATCGAGGAGTGCACAGTAAATTTGCG
GGATGATGGAGACAGCTATGGTTTCATCACCT
9
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ACADL 
NM_00100651
1.2 
384-483 
ATGTACGTCAACTGTACTGGCCCAGGATTCAGCC
TCCATTCCGATATAGTCATGCCCTACATTGCAAAC
TATGGCACTGAAGAACAGATCAAACGCTTTA 
SIRT1 AB160952.1 771-870 
AGTGAAACTTTTACAGGAGTGCAAAAAAATCATGG
TCTTGACAGGAGCCGGGGTGTCTGTGTCTTGTGG
AATACCCGACTTTAGATCAAGAGACGGCATC 
SIRT2 AB160951.1 590-689 
GCTGGGTGAAGGAGAAAATCTTCTCTTCCCTCGTT
CCCAAGTGCGACAAATGCCAGAGCGTGGTGAAGC
CAGACATCGTATTTTTTGGTGAGAATCTTCC 
ADRA2
A 
XM_00494227
6.1 
2960-3059 
TAAGGCTCACGTATAGCATGGATTTGCCTTCTGTA
GGGTTGCGTGGTGCGCAGGAAGAGACTTTAAAGC
AGCGACTTTTTACTTTGGGATGTGCTCTGCT 
GNAI1 NM_205403.1 377-476 
TGATCCAACCAGGGCTGATGATGCTCGTCAACTC
TTTGTGTTAGCTGGAGCAGCAGAGGAAGGATTTA
TGACTGCGGACGTTGCTGGTGTTATCAAAAGA 
GNAI2 NM_205402.1 283-382 
CATCAAGGCTATGGGGAACCTGCAGATCGACTTC
GGGGACTCCTCCAGAGCGGATGATGCCCGCCAG
CTCTTTGCGCTCGCCTGCACTGCAGAGGAGCAG 
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Chapter 5: Microenvironment Affect Melatonin Production in Chick Pinealocytes 
5.1 Abstract 
Dispersed chicken pineal cells retain the ability to detect light and release melatonin 
rhythmically in light/dark cycles and constant darkness in culture. Cultured pineal cells 
are heterogeneous with the majority of pinealocytes developing at the beginning, but 
later the growth of fibroblasts can take over. To investigate the role of cell growth on 
melatonin rhythmicity, the same number of pineal cells cultured in different densities was 
evaluated for melatonin rhythmicity.  The results showed that the densities affected the 
growth of cultured pineal cells and also the melatonin amplitudes of these cells. These 
effects did not come from the growth or death of pinealocytes but the growth of other 
types of cells. Further studies showed that blockage of gap junction eliminated the 
difference of melatonin amplitudes caused by densities. Several possible factors, which 
could affect the melatonin production, were tested for involvement in the density effect, 
but none of them showed positive results. In conclusion, melatonin production of 
pinealocytes in culture can be regulated by the growth of the culture, and gap junctions 
were involved in this process. 
5.2 Introduction 
The pineal gland is a neuroendocrine organ that receives light signals and secretes 
nighttime melatonin. In mammals, pineal gland acquires light signals through retina and 
secretes melatonin under the regulation of the hypothalamic suprachiasmatic nuclei 
(SCN). In contrast, the avian pineal gland is light-sensitive, contains a light-entrainable 
endogenous oscillator, and rhythmically releases melatonin in vivo and in vitro (D. C. 
Klein et al., 1997; Natesan et al., 2002).  
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The pineal gland is a complex organ. The morphologies and structures of pineal gland 
are fairly diverse among different species (For review, see (Korf, 1994)). Avian pineal is 
developed from a single thickening of the diencephalic roof. In passerine birds, the 
pineal is a single hollow, saclike structure, but in duck and pigeon the pineal gland is a 
follicular structure. In sex-matured galliform birds such as chicken and quail, the pineal is 
a compact organ. In the embryo and newly-hatched chicken, the pineal gland is a 
follicular structure, with pinealocytes and astrocytes forming its two layers (Boya & 
Calvo, 1980; Boya & Zamorano, 1975; Omura, 1977). The pineal gland contains a 
number of cell types including pinealocytes, fibroblasts, T-cells, and glia (astrocytes), 
and the major cell types are pinealocytes and glia (Boya & Zamorano, 1975; Calvo & 
Boya, 1978). Under transmission electron microscopy, pinealocytes showed an electron 
lucent cytoplasm and a spherical nucleus, while astrocytes displayed an electron dense 
cytoplasm and a nucleus with sharp angles (Berthoud, Hall, Strahsburger, Beyer, & 
Sáez, 2000). In addition, the oil droplet in pinealocytes can be stained by Sudan III dye 
(Vigh, Vigh-Teichmann, Aros, & Oksche, 1985). In pineal gland, two connexins, Cx43 
and Cx45 were expressed. Most astrocytes only expressed Cx43, while both types were 
expressed in pinealocytes (Berthoud et al., 2000). Carbenoxolone, which is used to 
block Cx43 semi-channel, can prevent the extracelluar Ca2+(Sáez, Retamal, Basilio, 
Bukauskas, & Bennett, 2005; Weissman, Riquelme, Ivic, Flint, & Kriegstein, 2004). 
Dispersed chicken pineal cells have been a successful model for the cellular analysis of 
biological clocks (Rekasi et al., 2006; Robertson & Takahashi, 1988; Robertson et al., 
1988; M. Zatz & Mullen, 1988b; Martin Zatz & Mullen, 1989; Martin Zatz et al., 1988). 
However, the dispersed chicken pineal culture is a miscellaneous culture. The effect of 
cell growth on melatonin production has not been well studied. In addition, while there is 
some evidence showing the glia cell can affect signaling pathway of pinealocytes in rats, 
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the direct evidence is still missing (da Silveira Cruz-Machado, Pinato, Tamura, Carvalho-
Sousa, & Markus, 2012). In this study, we characterize the development of dispersed 
pineal cell culture and show that the microenvironment of the culture affects the 
melatonin output. 
5.3 Materials and Methods 
5.3.1 Experiment 1: Cell culture of different density 
Pineal glands were collected from embryonic day 21 chick (Gallus gallus domesticus) 
brain as previously described (Karaganis et al., 2008). Embryonic day 1 eggs were 
incubated in a GOF 1502 Sportsman incubator at 38° C and 75% humidity for 20 days. 
On day 21, forty embryos were extracted from the eggs and decapitated. The pineal 
glands were transferred to sterile Dulbecco’s phosphate-buffered saline (PBS) with D-
glucose (1.8%), and digested by 0.25% trypsin (10 pineals/mL of trypsin) for 30 minutes 
with trituration every 10 minutes. The debris was removed, and then the dispersed cells 
were spun down for 10 minutes at 1000 g. To achieve the culture of different cell density 
with the same cell amount, the pellet was re-suspended to 8x106 cells/mL (8 pineal/mL) 
in M-199 medium with 10% FBS, 10% Chicken Serum and 1% Penicillin/Streptomycin. 
Next, 180 μL of the re-suspended pineal cells was transferred into a 1.5ml tube and 
diluted to 4x106 cells/mL by adding 180uL of the cell culture medium.  The same 
procedure was repeated to get 360uL of 2x106 cells/mL cells. The cells were then 
cultured in the channel of the 6-channel multi-well chamber slides (IBIDI Cat.80606). 
Each channel is capable of holding 30ul of cells with 0.6cm2 culture area, leading to 
60,000 cells in each channel.  Additionally, 7.5 μL of 8x106 cells/mL cells , 15ul 4x106 
cells/mL cells, or 30ul of 2x106 cells/mL cells were load in each channel, leading to 
60,000 cells in each channel but with different densities ( High density of 
 
115 
 
4x105cells/cm2(HD), Middle density of 2x105cells/cm2 (MD) or Low density of 
1x105cells/cm2 (LD)). The cells were cultured in a Forma Series II Water Jacket CO2 
incubator (Model 3100, Thermo), cycling at 36.5° C with 5% CO2 in constant darkness 
until 10:00am the next day. The light intensity in the incubator is 34μW/cm2 from LED 
lights. The cells were then cultured in 12:12 Light/Dark cycles using 10:00 am as 
Zeitgeber time 0 (ZT0). The cells were observed after 5 days of growth and the figures 
were taken via an Olympus IX70 inverted microscope. The 20x objective of the 
microscope and the camera were used to capture a field with a 4140x3096 resolution 
(All the pictures were taken with the same setting if not specified).  
5.3.2 Experiment 2: Melatonin rhythm of pineal cells of different density 
Three densities of cultured cells, 7.5 ul of 8x106 cells/mL cells, 15ul of 4x106 cells/mL 
cells, or 30ul of 2x106 cells/mL cells were loaded in each channel, leading to 60,000 cells 
in each channel but with different densities (4x105cells/cm2, 2x105cells/cm2, or 
1x105cells/cm2, n=6 for each density). After the cells were cultured for 5 light/dark cycles, 
the chamber slides were loaded onto a perfusion system. The perfusion system 
consisted of a modified syringe pump (Harvard Apparatus) that pushed culture medium 
(M-199 with 5% FBS) through 12 syringes to flow through the chamber slides (with flow 
rate at 100µL/hour/chamber), and the output medium was collected every hour via a 
customized collector.  
The melatonin in samples was measured by Melatonin ELISA, as described in the 
previous study (Li & Cassone, 2015b) and previous chapters.  
The melatonin rhythmicity of the three densities of culture was analyzed by cosinor 
analysis using linear harmonic regression (CircWave software) and two-way ANOVA, 
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followed by a Bonferroni multiple-comparison post hoc test using GraphPad Prism 
(GraphPad Software, La Jolla, CA) as described before(Li & Cassone, 2015a). The 
following experiments, refering to rhythmicity analysis, adopted the same analysis 
strategy if there was no additional explanation.  
5.3.3 Experiment 3: Pinealocytes growth and death assays in cell culture of different 
densities 
The cell growth was evaluated by Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU) 
staining. BrdU incorporated into replicating DNA in dividing cells and can be 
subsequently detected by anti-BrdU antibodies. For BrdU staining, 10mM BrdU (Thermo, 
B23151) stock solution was diluted to 10μM labeling solution by culture medium. The 
cells were incubated in labeling solution at 37° for 2 hours and fixed by 1% formaldehyde 
in PBS. Then the sample was labeled by BrdU antibody (Thermo, B35130) and went 
through the ICC procedure as described above. 
The cell death of cultured pinealocytes was quantified by Trypan Blue staining and the 
fluorescence intensity of HIOMT staining and Dapi staining. Three densities of the cells 
were cultured on chamber slides for 5 days, as mentioned before, and fixed by 1% 
formaldehyde in PBS. After three rounds of wash by PBS, the non-specific sites on the 
cells were blocked by PBSGT (PBS with 0.1% (v/v) Tween 20 and 5% (v/v) goat serum), 
and then the cells were incubated with HIOMT primary antibody diluted in PBSGT 
(1:500) overnight in 4°C. The negative control group of cells was incubated with only 
PBSTG. The cells were then incubated with FICT labeled goat anti-rabbit secondary 
antibody (1:2000) for 2 hours at room temperature, followed by 3 rounds of wash and 
then stained with Dapi for nuclei staining. The imaging was conducted at room 
temperature with an Olympus IX70 inverted microscope. Images were acquired using an 
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Orca-ER CCD camera (Hamamatsu, Bridgewater, NJ) and analyzed via Image J 
(National Institutes of Health, Bethesda, MD). 
The photos were taken using an Olympus IX70 inverted microscope with the 20x 
objective and analyzed by Image J (McCloy et al., 2014). The fluorescence images were 
taken under the same conditions (a 400ms exposure time for HIOMT staining and a 
75ms exposure time for Dapi staining). Using Image J, an outline was drawn around 
each cell colony of pinealocytes by setting a brightness threshold (15 for HIOMT staining 
and 211 for Dapi staining) of fluorescence color, and the mean intensity (mean gray 
value) was measured. The mean intensities were normalized via cell densities to mean 
intensity per 106 cells. The data was analyzed via t-test and plotted Sigma Plot 12.3. 
5.3.4 Experiment 4: Carbenoxolone administration 
Two densities of the cells, 15ul of 4x106 cells/mL cells or 30ul of 2x106 cells/mL cells, 
were load in each channel of two chamber slides. On each slide, 3 channels were 
loaded with 4x106 cells/mL cells, while the other 3 channels were loaded with 4x106 
cells/mL cells. After the cells were cultured for 5 days, the chamber slides were loaded 
onto a superfusion system as in Experiment 3. One slide was supplied with cell culture 
medium (M-199 with 5% FBS) and the other slides with the culture medium containing 
1μM carbenoxolone. The superfusion system ran under light/dark cycles for 5 days. The 
melatonin outputs were analyzed via two-way ANOVA (as mentioned before) and plotted 
by Sigma Plot 12.3. 
5.3.5 Experiment 5: Calcium imaging 
After being cultured for 5 days, the cells were loaded with 4μM Fluo-4 (diluted from a 
2mM Fluo-4 stock in DMSO; ThermoFisher, F-14201) in imaging medium (M-199 with 
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10% FBS) for 45 minutes at 37°C in a 5% CO2 cell culture incubator. Calcium imaging 
was conducted at room temperature with an Olympus IX70 inverted microscope. Images 
were acquired using an Orca-ER CCD camera, and an entire field of cells (∼1 mm2) was 
designated as a region of interest (ROI) for analysis using Image J (McCloy et al., 2014). 
Using Image J, an outline was drawn around each cell colony, and then area, mean gray 
value, integrated density, along with several adjacent background readings were 
measured. The corrected total cellular fluorescence (CTCF) = integrated density – (area 
of selected cell × mean gray value of background readings), was calculated. The 
average of the CTCF of the colonies in the field and the counts of the colonies were 
recorded. The plots and the t-test were performed using Sigma plot 12.3. 
5.3.6 Experiment 6: Melatonin, Luzindole, and Potassium administration 
The cells were cultured as mentioned in previous experiments. On each slide, 3 
channels served as the treatment group, supplied with pulse of 5ng/mL Melatonin, 
medium containing 1μM Luzindole, or medium containing 1mM KCL in each experiment, 
while the other 3 channels served as a control group supplied with cell culture medium. 
The chamber slides were loaded on the superfusion system for 3 days and the 
melatonin outputs were measured via ELISA.  
5.4 Results 
5.4.1 Cell cultures with different initial cell density displayed different growth status. 
To find out whether the initial cell density of culture affected the cell growth, the same 
number of dispersed pineal cells was diluted to different culture concentrations and 
cultured for 5 days (Figure 17). The results showed that the growth status was affected 
by the initial density of cell culture: the higher confluence was found in the higher initial 
density of cultured cells.  
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5.4.2 Growth status affected the amplitude of melatonin rhythm. 
To investigate the effect of the growth status on the melatonin rhythmicity, the same 
initial amount of cells were cultured in three different densities (High density of 
4x105cells/cm2 (HD), Middle density of 2x105cells/cm2 (MD), or Low density of 
1x105cells/cm2 (LD)) for 5 days, and then were loaded on a superfusion system to 
observe the melatonin rhythm. The melatonin productions of the different densities of 
culture were rhythmic in light/dark cycles and the first cycle in constant darkness. The 
amplitudes of the cultures were significantly different from each other (p<0.05) in the first 
four cycles. The results indicated that the higher density of cells led to the higher 
amplitude of melatonin production (Figure 18).  
5.4.3 The difference of melatonin amplitudes was not caused by the growth or death 
of pinealocytes in different culture conditions. 
The different amplitudes of melatonin rhythm could come from the increased growth of 
pinealocytes in high-density cultures or increased death of pinealocytes in low-density 
cultures. To investigate the role the cell division plays in the dynamics of the colonies, 
BrdU was applied to the cultured pineal cells (Figure 19). The results suggested that 
dividing cells with BrdU staining only showed up at the edge of the colonies, but not the 
center where pinealocytes with HIOMT staining gathered (arrows). The result implied 
pinealocytes were not dividing in the culture. To investigate the survival of pinealocytes 
in different conditions, trypan blue staining was applied, but no positive signal was found 
in culture (data not showed), indicating there were no noticeably dying cells. In addition, 
the amount of pinealocytes in different densities of culture was quantified by the 
flourescence of HIOMT antibody staining and Dapi staining (Figure 20). Pinealocytes are 
hard to count once they form colonies in culture. However, pinealocytes can be labeled 
by HIOMT antibody (Figure 20A, 20D, 20G), and Dapi staining indicated that bright 
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nuclear staining co-localized with HIOMT staining (Figure 20C, 20F, 20I). Therefore, 
fluorescence intensity of HIOMT and Dapi were used to estimate the amount of 
pinealocytes. The mean intensities of fluorescence of HIOMT and Dapi staining were 
analyzed by t-test and plotted (Figure 21). The results indicated that lower densities of 
cell culture did not result in less pinealocytes in the culture.  
5.4.4 Connexin plays an important role in regulating melatonin amplitude. 
Higher density of cells may lead to more cell-cell interaction, which could affect the 
melatonin production. Therefore, the role of connexin was investigated. Different 
densities of cells on the superfusion system were cultured with or without connexin 
blocker carbenoxolone, and the melatonin outputs were measured (Figure 22). The 
results showed that connexin blocker did eliminate the difference of melatonin amplitude 
from the different densities of cell cultures.  
5.4.5 The local calcium concentration was not significantly different between the 
culture of high density of cells and the culture low density of cells. 
Calcium is one of the factors which can diffuse through gap junctions and can potentiate 
the melatonin production. The resting calcium concentration during the night was 
measured (Figure 23). The results indicated that the local concentration of calcium was 
not significantly affected by cell density (p>0.05, t-test). 
5.4.6 Preliminary screening shows that several diffusible factors do not affect 
melatonin amplitude. 
The other possible candidates are the diffusible signals which could be higher 
concentration with higher density of cells. Melatonin, luzindole, and potassium ion were 
tested.  
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Melatonin is a potential factor, which could have an autocrine role on regulating its own 
production. One pulse of high concentration melatonin (5ng/ml) was administered on the 
superfusion system in constant darkness, and the melatonin outputs were observed 
(Figure 24). Melatonin does not cause any obvious change on melatonin rhythm of 
following cycles. Overdosed luzindole (1μM), which blocked melatonin receptors, was 
applied in culture medium on the superfusion system, and then the melatonin outputs 
were measured (Figure 25). The result showed no difference between the luzindole 
applied group and control group.  
High concentration of potassium ion is able to increase melatonin amplitude in pineal cell 
culture. 10mM potassium was applied in culture medium on the superfusion system to 
measure melatonin output (Figure 26). The result showed potassium did not eliminate 
the difference of melatonin from different densities of pineal cells.  
5.5 Discussion 
The different densities of cell culture were achieved by plating the same number of cells 
in different sizes of area. This method can also be used in static culture (data not 
shown), but the chamber slides made it easier to realize.  
The initial density of cultured cells can affect melatonin production by affecting the 
growth or death of pinealocytes. The cell growth was evaluated via BrdU staining. BrdU 
can be incorporated into replicating DNA in dividing cells and can be subsequently 
detected by anti-BrdU antibodies. Because the BrdU staining did not overlap with 
HIOMT staining, the results indicate that pinealocytes were not dividing in vitro. In 
addition, Dapi staining showed two types of nuclei in the culture; bright blue, small, and 
granular nuclei, and dark blue, big, and oval nuclei. Interestingly, the bright blue granular 
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nuclei always co-localized with HIOMT staining, but not with BrdU staining. There was 
evidence showed that under transmission electron microscopy, pinealocytes showed an 
electron lucent cytoplasm and a spherical nucleus, while astrocytes displayed an 
electron dense cytoplasm and a nucleus with sharp angles (Berthoud et al., 2000). It 
was possible that the bright blue, small and granular nuclei were the nuclei of 
pinealocytes. The cell death was evaluated first via trypan blue staining, but there were 
no positive signals found. The other way to identify cell death of pinealocytes was to 
count the cell number. However, the pinealocytes formed colonies during growth, which 
made the cell counting very hard. Instead, the pinealocytes were quantified through 
calculating the fluorescence of HIOMT staining and Dapi staining. HIOMT fluorescence 
indicated the protein level of HIOMT, the expression of which can be affected by cell 
density, so that the Dapi fluorescence of bright blue nuclei was applied. As 
aforementioned, the bright blue granular nuclei always co-localized with HIOMT staining, 
but with BrdU staining, so that even if they were not all pinealocytes, their amount can 
indirectly indicate the amount of pinealocytes. Therefore, these evidence supported that 
the amount of pinealocytes in culture did not change much during the culture time. 
There could be two mechanisms by which the supporting cells affected the melatonin 
amplitude of pinealocytes: dense supporting cells could increase either the cell-cell 
contact or the concentration of some diffusible signals. Chicken pineal gland expresses 
connexins (Berthoud et al., 2000), and the amplitude of melatonin rhythm can be 
affected by various factors, such as light, temperature, norepinephrine, cAMP, Ca2+, K+,  
and so on (B. L. Pratt & Takahashi, 1987, 1988; BARBARA L. PRATT & TAKAHASHI, 
1989; Robertson & Takahashi, 1988; Robertson et al., 1988; M. Zatz & Mullen, 1988b; 
M. Zatz, D. A. Mullen, & J. R. Moskal, 1988). To find out the role of connexin, we applied 
connexin blocker carbenoxolone to the culture medium. The results indicated the 
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connexin blocker did eliminate the difference of melatonin amplitude caused by the cell 
density. How the connexin affects the melatonin amplitude is still unclear. Calcium 
signaling pathway is one of the pathways which can be regulated by gap junctions and 
contributes to melatonin production (Berthoud et al., 2000; Peters, Cassone, & Zoran, 
2005). Calcium can potentiate the melatonin production (Chaurasia, Haque, Pozdeyev, 
Jackson, & Iuvone, 2006), therefore, we hypothesize that during the night, calcium 
concentration should be higher in higher density of cultures, which produce more 
melatonin. However, the experiment staining calcium with fluorescence dye did not 
display any obvious difference between high and low density of cells. Several diffusible 
factors such as melatonin, luzindole, , and potassium ion were studied. But none of 
these factors showed an effect on melatonin amplitude.  
cAMP is very important in regulation of melatonin production(Chaurasia et al., 2006; 
Haque et al., 2011; David C. Klein, 2007; Nikaido & Takahashi, 1989). In protein level, 
cAMP activates PKA to phosphorylate 14-3-3 protein, which protects AANAT from 
degradation. Meanwhile, gap junction facilitates the negative pass of cAMP (Mao et al., 
2013). Therefore, it is possible that for the pinealocytes, the cAMP pool is larger with 
more contacts with glia cells or fibroblasts.  
In conclusion, high density of cell culture increases the melatonin production with the 
same amount of pinealocytes. The increasing effect is related to gap junctions.   In the 
future, the role of connexin still needs to be demonstrated in detail. Basically, connexin 
facilitates the communication among cells, but how the communication affects the 
melatonin amplitude is unclear. In addition, the possibility of diffusible factors cannot be 
excluded.  
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Figure 17. Different densities of cultured pineal cells. 
30 μL of 2 pineal/mL cells (Figure 17A, 17B) contains the same cells as 15 μL of 4 
pineal/mL cells (Figure 17C, 17D) and 7.5 μL of 8 pineal/mL cells (Figure 17E, 17F), but 
after 3 days culture, they grow in different sizes of area and form different local 
concentrations of cells in IBIDI slides. Figure 17A, 17C, and 17E were in 4X 
magnification; Figure 17B, 17D, and 17F were in 20X magnification. 
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Figure 18. The melatonin outputs of three densities (LD, MD, and HD) of pineal 
cell culture. 
The melatonin outputs of three densities (LD, MD, and HD) of pineal cell culture were 
plotted for seven days (n=6).  The white bars indicated daytime in light, black bars 
indicated nighttime, and the slashed bars indicated subjective day in darkness. The 
amplitudes of the melatonin outputs were significantly different from each other (p<0.05, 
Two-way ANOVA) in the first 4 days. 
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Figure 19 Dividing cells in cultured pineal cells. 
To investigate the role of cell division in cultured pineal cells, BrdU is applied. 
Pinealocytes (Arrows pointed) formed granular structures (Figure.19A) which could be 
identified by HIOMT antibody (Figure 19B). BrdU staining indicated nuclei of dividing 
cells (Figure 19C), and Dapi staining labeled all nuclei (Figure 19D). Merged figures 
showed that BrdU positive cells did not show up in the granular structure of pinealocytes 
and did not overlap with HIOMT staining (Figure 19E, 19F), indicating that pinealocytes 
were not dividing.  
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Figure 20. HIOMT staining of pineal cells. 
LD (Figure 20A, 20B, 20C), MD (Figure 20D, 20E, 20F) and HD (Figure 20G, 20H, 20I) 
of pineal cell cultures were stained with HIOMT (Figure 20A, 20D, 20G) and Dapi (Figure 
20C, 20F, 20I). The combined images (Figure 20B, 20E, 20H) of white light and HIOMT 
staining showed the staining of pinealocytes. Dapi staining indicated the co-localization 
of bright blue staining of nuclei with HIOMT staining. 
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Figure 21. The mean intensities of HIOMT fluorescence and Dapi fluorescence. 
The mean intensity per 106 cells (MIPC) of HIOMT fluorescence (Figure 21A) and Dapi 
fluorescence (Figure 21B) was plotted for LD, MD, and HD of pineal cell cultures (n=4). 
The mean intensity per 106 cells (MIPC) of HIOMT of LD was significantly different 
(p<0.05, t-test) than those of MD and HD (Figure 21A), but the MIPC of Dapi showed no 
significant difference (p>0.05) among the three groups (Figure 21B). 
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Figure 22. Effect of connexin blocker carbenoxolone on melatonin rhythm. 
To investigate the role on connexin in melatonin rhythm, connexin blocker 
carbenoxolone was adopted. The same amount of pineal cells (60,000 cells) cultured at 
different initial densities (LD vs. MD) was cultured in each channel of chamber slides for 
5 days and then loaded on the superfusion system for 2 days with plain culture medium 
(empty and solid circles as control group) or medium with 1μM carbenoxolone (empty 
and solid triangles as treatment group). In the control group, the melatonin amplitudes of 
LD were still significantly lower than those of MD (p<0.05, two-way ANOVA), but in the 
carbenoxolone administration group, the difference between LD of cells and MD of cells 
was not significant (p>0.05).  
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Figure 23. The role of calcium in melatonin production 
To study the role of calcium in melatonin production in different cell densities of cultures, 
calcium imaging was adopted. The same amount of pineal cells (60,000 cells) cultured 
at different initial densities (3 channels of LD (1x105cells/cm2) vs. 3 channels of MD 
(2x105cells/cm2)) was cultured in each channel of chamber slides for 5 days, and then 
the rest calcium concentration was evaluated by calcium imaging. Figure 23A, 23C, and 
23E showed the LD culture, and Figure 23B, 23D, and 23F showed the MD culture. Five 
images were taken at random positions in each group. The fluorescent spots were 
counted in each image, and the average counts via Image J and the standard error were 
plotted. The amount of the spots (or colonies of cells) with fluorescence in the high 
dense culture is significantly more (p<0.05, t-test) than that in low dense culture (about 
two times more, Figure 23G). The corrected total cell fluorescence (CTCF) was 
calculated and plotted (Figure 23H). The CTCF indicated the calcium concentration in a 
unit area. The fluorescence intensities of the spots in both cultures were not significantly 
different (p>0.05, t-test) from each other, indicating the local concentrations of calcium 
were not different. 
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Figure 24. Melatonin administration. 
The pineal cells were cultured (60,000 cells in each channel with density of 
1x105cells/cm2) for 5 days in light/dark cycle and then loaded on the superfusion system. 
On the system, the cells were cultured for 3 days in light/dark cycle and 6 days in 
constant darkness. The data was plotted from the 3rd day in constant darkness. At CT 6 
on the 4th day in constant darkness, 100ul of culture medium with 5ng/mL melatonin was 
administrated to each channel of the treatment group (n=3) and 100 ul of plain medium 
was administrated to the control group (n=3). After melatonin administration, the 
melatonin production of the treatment group showed no obvious difference than the 
control group. 
 
133 
 
 
Figure 25. Luzindole administration 
 To investigate the role on melatonin receptors in melatonin rhythm, melatonin receptor 
antagonist luzindole was used. The pineal cells were cultured (60,000 cells in each 
channel with density of 1x105cells/cm2) for 5 days in light/dark cycle and then loaded on 
the superfusion system. The culture medium in the treatment group contains 1μM 
luzindole. On the system, the cells were cultured for 3 days in light dark cycle and 3 days 
in constant darkness, and the data was plotted. There was no obvious difference 
between the two groups.  
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Figure 26．Potassium administration. 
To investigate the role of potassium ion in melatonin rhythm, KCl (1mM) was added to 
the culture medium. The same amount of pineal cells (60,000 cells) cultured at different 
initial densities (1x105cells/cm2 vs. 2x105cells/cm2) was cultured in each channel with 
plain culture medium (n=3) or medium with 1mM KCl (n=3). The difference of the 
melatonin amplitudes between low density of cells (1x105cells/cm2) and high density of 
cells (2x105cells/cm2) still persisted. 
 
Copyright © Ye Li 2016 
 
135 
 
CHAPTER 6: SUMMARY AND DISCUSSION 
Circadian rhythm is an about-24-hour biological rhythm presenting in various levels from 
behavior to enzyme activity and gene expression. Circadian rhythm is universal in phyla, 
being observed in most organisms from eukaryotic bacteria to mammals. Circadian 
rhythm is endogenous, persisting in constant conditions, and it can be entrained by 
environmental cues, which helps the internal rhythms of organisms synchronizing to 
external cycles of environment. Light and food are usually dominant cues to 
synchronizing circadian rhythm. Temperature is another important cue to synchronize 
circadian rhythm. However, compared to general chemical and biochemical reactions, of 
which the reaction rates are dramatically affected by temperature, the period of circadian 
rhythm does not change significantly with temperature (in viable range), which is called 
“temperature compensation”.  
Circadian rhythm originates from the gene expression feedback loop of clock genes, 
which are highly conserved in phyla. The clock genes are universally expressed in most 
cells, indicating that each cell contains a clock. Circadian system is organized in a 
hierarchy, in which the master clocks synchronize peripheral clocks. In mammals, SCN 
is the master clock. Circadian rhythm persists for years (if not forever) in vivo without 
environment cues. However, circadian rhythm does dampen in many circumstances, e.g. 
behavior rhythms dampen after SCN lesion in mammals. The cells in master clocks are 
able to synchronize with each other to achieve a uniform output, but the cells in 
peripheral tissue do not have this ability. The overall rhythm of peripheral tissues 
dampens over time when the clocks in the cells run out of phase with each other.  
In birds, the eyes, SCN, and pineal gland together constitute master clock. In chicken, 
SCG lesion, which cut off the projection from SCN to pineal gland, led to damping of 
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pineal melatonin rhythm in constant darkness. NE is the ultimate neural transmitter 
which mediates the regulation of SCN to pineal gland. NE inhibits melatonin production 
in chicken, and daily administration of NE in vivo recovers the dampened pineal 
melatonin from SCG lesioned chicken in constant darkness (V. M. Cassone & Menaker, 
1983). A neuroendocrine loop was proposed in which the two damping oscillators, SCN 
(active in daytime) and pineal gland (active in nighttime), alternatively inhibit the activities 
of each other to maintain their robust rhythm (V. M. Cassone & Menaker, 1984). This 
model requires that NE from SCN regulatory pathway entrains the rhythm of pineal gland, 
and melatonin from pineal gland entrains the rhythm of SCN. However, there is evidence 
showing that NE does not change the internal rhythm in cultured chicken pineal cells (M. 
Zatz & Mullen, 1988a). This raises the paradox of how a rhythm could be recovered 
without being entrained. 
In circadian researches, damping issues have not been well studied. Most studies focus 
more on the mechanism of the endogenous clock and the input pathway than on the 
output.  Indeed, the concept of “output” has not being well defined. In some cases, the 
gene expression of clock genes is considered an output, but in other cases, the 
downstream outputs, such as gene expression of CCGs, enzyme activities, electronic 
activities, and behaviors, are measured as outputs. Treating the expression of clock 
genes and other downstream activities as the same type of “output” presumes that all 
types of the “outputs” are linear correlated with each other, which is usually not the case.  
The goal of this dissertation was to determine how a hormone output (melatonin) was 
regulated in cultured pineal cells, and how this process interacted with the clock genes 
by using cultured pineal cells as a model, which helped us to better understand the 
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relation of different outputs. This was accomplished via two aspects of investigation: 1) 
the neural regulation of melatonin production and 2) the effect of microenvironment.  
Chapter 2 described an optimization of a superfusion system offering high time 
resolution of sampling, which is critical to observe the phase change. Chapter 3 
described a customized ELISA to measure high throughput melatonin samples. Chapter 
4 evaluated the neural regulation of NE to melatonin production in cultured pineal cells.  
Four hypotheses were tested in Chapter 4. First, the hypothesis that daily NE 
administration recovered damped pineal melatonin rhythm in constant darkness was 
tested. The damping of melatonin in constant darkness was evaluated by Auto 
Correlation Functions. NE administration did inhibit the melatonin production, and daily 
NE administering recovered the damped melatonin rhythm in constant darkness. But 
interestingly, NE not only inhibited the melatonin production immediately after 
administering, but also created a rebound 8 to 12 hours later, indicating an extra 
mechanism other than inhibition. Second, to find out whether the internal clock was still 
running after the damping of melatonin rhythm happened, the recovery effect was tested 
at different circadian times. The hypothesis tested was that the internal clock regulated 
the recovery effect of NE administration. The results supported the hypothesis, indicating 
that the melatonin output can be dissociated from the internal clock. In the following step, 
we hypothesized that NE recovered the damped melatonin rhythm by regulating the 
gene expression of clock genes. In this experiment, the Nanostring technique was used 
to measure mRNA of 40 genes of cultured pineal cells in two cycles with or without NE 
administration. The genes tested included clock genes, genes on cAMP pathway, genes 
on melatonin synthesis pathway, genes related to metabolism, and so on. There were 
several interesting points in the results. Above all, most genes were still rhythmically 
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expressed when the melatonin rhythm dampened out, which was consistent with the last 
result that the melatonin output could be dissociated from the internal clock. In other 
words, melatonin output did not directly reflect the rhythm of internal clock. Secondly, 
most genes did not respond to NE administration, indicating NE did not alter the internal 
clock, which was consistent with Zatz’s previous study. Furthermore, there were two 
genes responsive to NE administration successively, in which the expression of pde4d 
was upregulated 2 hours after NE administration, and AC1 was upregulated 6 hours 
after NE administration. The activity of AANAT, the critical enzyme of melatonin 
synthesis pathway, is closely related to the cAMP level. cAMP activates PKA, which 
phosphorylates 14-3-3 protein. Phosphorylated 14-3-3 protein binds to AANAT, 
preventing AANAT from degradation and increasing the affinity of AANAT to its substrate 
serotonin. NE binds to α2-adrenergic receptor in chicken pineal gland, inhibiting the 
activities of adenylates cyclase to decrease the cAMP level. Therefore, the successive 
up-regulation of pde4d and AC1 can be a reasonable explanation for the trough and 
peak created by NE administration, which is the fourth hypothesis we tested. The results 
showed that at protein level, the up-regulation and down-regulation of AC1 did match the 
melatonin trough and peak, although AC1 was maintained at a high base level during 
the regulation process. This evidence raised a model in which the NE binds to α2-
adrenergic receptor, leading to immediate degradation of AANAT by decreasing cAMP 
level and PKA activity. In addition, decreased cAMP level and PKA activity presumably 
activated the expression of pde4d and AC1 through CREB/CREM pathway, considering 
that both pde4d and AC1 contain CRE in their promotor areas. Interestingly, the pde4d 
and AC1 were both rhythmic in control group, indicating a circadian regulation of their 
expressions. The different regulations of pde4d and AC1 imply extra regulation 
mechanisms. This might explain why the peaks and troughs created by a single pulse of 
NE could have a circadian period. 
 
139 
 
Consequently, Chapter 5 evaluated the effect of microenvironment on melatonin rhythm 
of cultured pineal cells. Four hypotheses were tested in this chapter. First, the 
hypothesis that different growth statuses of cultured pineal cells affected melatonin 
rhythmicity was tested. The pineal cell culture is miscellaneous, containing at least four 
types of cells with pinealocytes as the dominant type at the beginning of culture, and 
fibroblasts take over the culture later. In my study, it was shown that pinealocytes did not 
divide in culture by using BrdU.  
The cultured pineal cells in different densities demonstrated how different densities 
affected the melatonin rhythm. To make the melatonin rhythms from different densities of 
culture comparable, the same amount of pinealocytes were required so that the 
difference, if any, only came from the microenvironment of these pinealocytes. Besides 
the result that pinealocytes did not divide, it was shown that the amounts of pinealocytes 
did not change as the density changed, and no dying cells were found in culture by 
trypan blue staining. Based on this evidence, the results showed that the same amount 
of pineal cells grew differently in culture, and the different growths led to different 
amplitudes of melatonin rhythm from the same amount of pinealocytes. Therefore, 
microenvironment does affect the output of melatonin production. 
It was reasonable to postulate that a high density of cultured cells contained more cell-
cell contact, and gap junction played an important role in cell-cell contact. Therefore, the 
second hypothesis tested in this chapter was that gap junctions contributed to the 
different melatonin amplitudes caused by cell densities. The way I tested the hypothesis 
was by using connexin blocker cabenoxolone to block the gap junction in treatment 
group of cultured pineal cells, and then by checking whether the difference of melatonin 
amplitude caused by different density of cultures was eliminated. The results showed 
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that blocking of gap junction did eliminate the difference, indicating the critical role of gap 
junction in regulating melatonin production. 
The first candidate related to gap junction was calcium ion. There was evidence showing 
that calcium can potentiate melatonin production, and calcium can mediate cell-cell 
communication through gap junction. The difference of melatonin rhythms from the 
different densities of cultured cells was the amplitude, thus the potentiating role of 
calcium was investigated. The static level of calcium in midnight was evaluated by 
calcium-imaging. However, the results demonstrated that the calcium concentrations 
were not significantly different in different densities of cultured pineal cells. The 
alternative hypothesis was that in high densities of cultured pineal cells, the gap 
junctions helped build up a larger pool of cAMP than low density of cultured pineal cells, 
which led to higher accumulation of AANAT, the critical enzyme of melatonin synthesis 
pathway. As aforementioned, cAMP is critical for maintaining the stability of AANAT and 
for increasing the affinity of AANAT to serotonin.  
Other than cell contact, the melatonin production of pinealocytes could also be affected 
by diffusible autocrine signals in the pineal gland. Melatonin and potassium ion, which 
can contribute to melatonin amplitudes of different densities of cells, were also screened. 
First, the autocrine role of melatonin was examined by administration of melatonin and 
melatonin receptor antagonist luzindole. When the cultured pineal cells were loaded on 
the superfusion system, the melatonin production was decreasing. A hypothesis was 
proposed that the melatonin played an autocrine role in maintaining its production, and 
the medium flow in the superfusion system flushed away the melatonin so that the 
melatonin production was decreased. Based on this hypothesis, melatonin 
administration was expected to bring back a rebound of melatonin production, and 
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melatonin antagonist luzindole was expected to decrease melatonin production. 
However, the results did not support the hypothesis. Neither a single pulse of melatonin 
nor culture medium containing luzindole affected the melatonin rhythm of cultured pineal 
cells. Potassium was able to increase the amplitude of melatonin rhythm in culture by 
increasing membrane potential. The hypothesis was that the high density of cultured 
pineal cells maintains a higher membrane potential which leads to higher melatonin 
amplitude than low densities of cells do. We expected to increase the membrane 
potential of both high and low densities to their maximum level by using 1M KCl to 
reduce the difference of melatonin amplitudes. But the results did not support our 
hypothesis.  
Although both melatonin and KCl experiments showed negative results, the possibility 
that diffusible signals could regulate pineal melatonin rhythm cannot be excluded. There 
are a variety of neural transmitters/hormones presenting in pineal gland, implying a 
complicated regulation mechanism of melatonin production and/or the other hormones 
produced in pineal gland. Chapter 5 demonstrates that melatonin output in pineal gland 
can also be regulated by local microenvironment. 
In this dissertation, I have analyzed the role of NE and microenvironment in melatonin 
rhythmicity of chicken pineal cells, reaching two main conclusions: 
1. The damping of the melatonin rhythm in cultured pineal cells occurs at the 
posttranscriptional level, despite rhythmic expression of clock genes, gAanat and 
gHiomt. The gADCY1 protein level might be the main factor of melatonin rhythm 
damping in DD and the recovery effect of NE to melatonin rhythm. The clock 
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genes gated the response of melatonin production to NE, although they did not 
directly control the melatonin production in DD. 
2. High density of cultured pineal cells had higher amplitude of melatonin rhythm 
than low density of cultured pineal cells, given the same amount of pinealocytes. 
Gap junction was involved in this process. 
In summary, the two conclusions compose a picture of clock system in avian pineal as 
described in Figure 27. Pineal gland is miscellaneous, containing pinealocytes and other 
types of cells, such as astrocytes and fibroblasts. Pinealocytes produce melatonin 
rhythmically under the control of internal clock and external signals such as light and NE. 
The internal clock is endogenous, originating from the TTO of the clock genes. Each cell 
in pineal gland expresses clock genes and obtains their own clock. Through intrinsic 
regulation, pinealocytes are able to synchronize their endogenous rhythm to each other, 
displaying an integrated rhythm. Meanwhile, pinealocytes entrain the rhythm of other 
types of cells with melatonin receptors, including the rhythm of astrocytes in pineal gland 
(Paulose, Peters, Karaganis, & Cassone, 2009). Our data shows that gap junction plays 
an important role in intrinsic regulation. Unknown small molecules, which pass through 
gap junctions, synchronize the internal clocks of the pineal cells. The unknown 
molecules are able to directly or indirectly regulate the melatonin amplitude, possibly 
through cAMP pathway. The extrinsic regulation mainly comes from the sympathetic 
neurons, which rhythmically release NE signals. The rhythmic NE signals are regulated 
by SCN, which inhibits pineal melatonin synthesis during the day. NE acts through α2-
adrenergic receptor. After activation, α2-adrenergic receptor inhibits the activity of AC1, 
leading to low cAMP and successive low AANAT activity and low melatonin production.  
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As an output of a circadian system, the melatonin rhythm, especially the amplitude, was 
regulated by multiple mechanisms in addition to clock genes. The feedback loop of a 
circadian oscillator could exist in different physiological level, and an output of a 
circadian system could be a composed result of multiple oscillators.  
However, there are still several questions. First, our data and other evidences show that 
NE does not affect the gene expression of clock genes, which is contrary to statement 
that NE mediate the regulation of SCN to pineal gland. One possibility is that it takes a 
longer time than 3 days (in our experiment) for NE to entrain the clock genes. To test 
this possibility, more cycles (for example, 7 cycles) of NE administration could be used in 
the experiments. The other possibility is that there are other factors which could mediate 
the entrainment effect of SCN to pineal gland. This possibility can be tested by 
pharmacological studies.  
Second, since the results indicate that NE does not entrain the clock genes, does this 
evidence dismiss the neural feedback loop model? It may not be the case if we revise 
the concept of “output”. Instead of saying that NE does not entrain “the clock”, the gene 
expression of clock genes, we can say that NE entrained one type of circadian output, 
the melatonin rhythm, but failed to entrain the other type of circadian output, the gene 
expression of clock genes. In other words, there are two levels of clocks: one consists of 
the transcriptional/translational feedback loop; the other consists of the neural feedback 
loop. The dampened melatonin rhythm without NE input in cultured pineal cells is 
comparable to the arrhythmic per2 expression in cells with double knockout of bmal1 
and clock; in both cases, one arm of the feedback loop is missed. Actually, studies in 
mammalian SCN cells also showed that the connections between cells could partially 
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make up for the loss of clock genes, implying that circadian rhythm could be constituted 
in different levels of organization.  
There are several technique improvements in this dissertation. First, I built a fractal 
collector in the superfusion system to improve the sample collection. The commercial 
fractal collectors are usually single-channel models, using test tubes to collect samples. 
Moreover, these collectors are large and produce a lot of heat, which makes it difficult to 
fit them in an incubator for cell culture. To achieve multiple channel collection of 
melatonin samples in 96-well plates by a small collector with less heat production, I built 
a multi-channel fractal collector from a scanner, which can hold two 96-well plates (12 
channels). This design could potentially be patented. 
Second, a customized ELISA was developed for large melatonin concentration range 
and high throughput sample measurement. Commercial ELISA kits are expensive and 
have a relatively small detecting range of melatonin concentration. There can be 288 
samples collected in 24 hours by the perfusion system, which take three 96-well plates 
to measure. To use these kinds of ELISA kits, each sample needs to be diluted to proper 
concentration, which would be time costly. The customized ELISA offered a convenient 
way to measure the high throughput melatonin samples in proper concentration in the 
cell culture medium. The results were published. 
In addition, a method for culturing cells in different densities was developed. This 
method can be adopted to evaluate the autocrine/paracrine effects of cultured cells. By 
this method, cells of the same amount can be plated on different areas. Our results 
showed that after seating for two hours, the cells can attach to the area, and changing 
medium did not transport the cells. After 5 days, even when the growth of the cells was 
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close to 100% confluence, the boundaries of cultured cells were still clear, indicating that 
the cells did not move.  
Interestingly, when Dapi staining was used to counterstain the nuclei of the cultured 
pineal cells, two types of nuclei presented. One type of nuclei was big, oval, with faint 
staining; the other type was small, round, with granular bright staining. The small nuclei 
were always co-localized with the HIOMT staining, and never showed BrdU positive 
signals. A previous study showed that pinealocytes and other types of cells dispay 
different morphologies under electronic microscope. Although dying cells also display 
small bright nuclei, trypan blue did not show any positive signal. The evidence implies 
that the small nuclei with bright granular staining by Dapi belonged to pinealocytes. This 
offers a convenient way to identify pinealocytes in culture. 
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Figure 27.Extrinsic and intrinsic regulation of melatonin production. 
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